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DEVELOPMENT OF A SECOND GENERATION PROTOTYPE 
REFLECTOMETER FOR REFLECTANCE MEASUREMENT I N  SPACE 

By Arthur A. Olsen 
Peter  A. Button 
Donald H. McClelland 

SUMMARY 

A f u l l - s c a l e  prototype ro t a t ing  arm re f l ec tomete r  has been 
designed, h n i l t ,  2nd t e s t ed .  In  t h e  desigr? of t h i s  prototxne,  severa1 
o p t i c a l  problems were considered which had proved troublesome i n  a 
previous o p t i c a l  model. 
f l ightworthy instrument,  a t t e n t i o n  was paid i n  the design t o  the  
d e s i r a b i l i t y  of minimizing volume, weight, and instrument power 
requirements. 

While t h i s  prototype was not  meant t o  be a 

The prototype instrument has an o v e r a l l  diameter of 50.8 cm, an 
o v e r a l l  height  of 23.4 cm, and a weight of approximately 13 kg. 
s e r i a l l y  measures t h e  specular  re f lec tance  of a number of r e f l e c t i v e  
sur face  samples which a r e  mounted on the  prototype. 
made both of o v e r a l l  ref lectance and of r e f l e c t a n c e  i n  four  ind iv idua l  
s p e c t r a l  bands. 

L t  

Measurement i s  

Control and power c i r c u i t r y  a r e  mounted remotely i n  a c o n t r o l  box 
at tached t o  the  prototype by a cable .  

Six measurement channels a re  provided. One uses an i n t e g r a l  
tungsten lamp a s  a source,  and the o t h e r  f i v e  channels use energy from 
t h e  sun. Of the s o l a r  channels, one measures the  t o t a l  r e f l e c t e d  
energy, while the o t h e r  four  make s p e c t r a l  measurements i n  the  bands 
0.3 - 0 . 4 5 ~ ~  0.45 - 0.65~1, 0.65 - 1.2~1, and 1.2 - 2 . 0 ~ .  

I n  the  prototype,  nine sample p o s i t i o n s  a r e  provided, spaced on 
Two of the  nine sample pos i t ions  a r e  occupied by 
One is  a "0%" sample, and the  other  i s  a highly 

a radius of 23 cm. 
r e fe rence  samples. 
s t a b l e  r e f l e c t i v e  p r i s m  of fused qua r t z .  

I n t e r n a l l y ,  the o p t i c a l  beams of the r e f l ec tomete r  a r e  chopped a t  
Detection is by lead a frequency of 105 cps by a tuning fork chopper. 

sulphide de t ec to r s ,  followed by ampl i f i ca t ion  and s i g n a l  processing 
c i r c u i t r y  which gives a dc output i n  each channel which i s  p ropor t iona l  
t o  the re f lec tance  of the  sample being scanned. 

The a r m  i s  gear  driven by a dc gearhead motor. Nominal arm ro ta -  
t i o n  speed is about 3 r p m .  
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While the prototype instrument was i n  gene ra l  s a t i s f a c t o r y  during 
t e s t s ,  two main o p t i c a l  problems were encountered. The f i r s t  i s  t h a t  
the prototype is not completely in sens i t i ve  t o  curvature  of the  r e f l e c -  
t i v e  sample. Change from a f l a t  sample t o  one of 2.54 meter foca l  
length changed the  ind ica t ed  re f lec tance  by 14 percent and 2 1  percent  
i n  two channels tes ted .  The other  s i z e a b l e  problem was c r o s s  t a l k  
i n t o  the 0.3 - 0 . 4 5 ~  s p e c t r a l  channel. Almost a l l  of the s o l a r  energy 
i n  t h i s  band i s  f i l t e r e d  out by the e a r t h ' s  atmosphere, hence t h i s  
channel of the  prototype w a s  made very s e n s i t i v e ,  and even t h e  small 
amopnt  of ?l&t s c a t t e r e d  L'rom che o t h e r  c'nanneis i s  troubiesome. f i e  
g r e a t l y  increased amount of s o l a r  energy i n  the  0 . 3  - 0 . 4 5 ~  band 
above t h e  e a r t h ' s  atmosphere would obv ia t e  t h i s  problem i n  a f l i g h t -  
worthy instrument.  

A f i x t u r e  was b u i l t  f o r  pressure t e s t i n g  and vacuum t e s t i n g  the  
r o t a t i n g  s e a l  which would be necessary on the  arm of a f l ightworthy 
ref lectometer .  Seals  were designed and fabr ica ted  using a commercially- 
a v a i l a b l e  polyurethane mater ia l .  F r i c t i o n  l e v e l  and leakage tes ts  of 
these s e a l s  w e r e  performed, some in a high vacuum. Performance of the 
s e a l s  was uneven; one of the  s e a l s  w a s  s a t i s f a c t o r y ,  giving low f r i c -  
t i o n  l eve l s  and e s s e n t i a l l y  no leakage i n  a high-vacuum tes t ,  while 
o t h e r  s e a l s  soon f a i l e d ,  giving high leakage and f r i c t i o n  l eve l s .  

Tes ts  were run t o  determine t h e  a t t i t u d e  cont ro l  accuracy required 
i n  the  s o l a r  channels of the  ref lectometer  prototype. S a t i s f a c t o r y  
s i g n a l  l e v e l s  could be obtained over a t o t a l  range of about 6 degrees 
(0.10 radian) of motion i n  one a x i s ,  and 8 degrees (0.14 radian)  i n  
the  o t h e r ,  While output l eve l  was not constant  w i t h  these  motions, i t  
could be corrected f o r  by knowing the a c t u a l  d i r e c t i o n  of the sun. 

v i  
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INTRODUCTION 

T h i s  is t h e  f i n a l  technical  repor t  covering the  work accomplished 
by E lec t ro -op t i ca l  Systems, Inc. on ContractNAS 1-4660 wi th  the  NASA, 
Langley Research Center f o r  the design,  development, and f a b r i c a t i o n  
of a second-generation prototype ref lectometer  f o r  a space experiment 
f o r  r e f l e c t i v e  sur face  samples. 

The development of space power systems f o r  advanced space missions 
w i l l  be one of the most c r i t i c a l  problem areas  i n  space technology dur -  
ing the  next one o r  two decades. The only two bas ic  energy sources 
which p resen t ly  appear capable of meeting the  requirements of these 
missions a r e  s o l a r  energy and nuclear  energy. 
l e v e l s ,  s o l a r  energy systems are l i g h t e r ,  s a f e r  t o  opera te ,  and less 
expensive, 
t he  absorber ,  and the  energy conversion device. 
performance i s  a func t ion  of the performance of these th ree  subsystems. 

Up t o  c e r t a i n  power 

A s o l a r  energy system c o n s i s t s  of t h e  s o l a r  cencent ra tor ,  
The o v e r a l l  system 

The performance of a s o l a r  concentrator  is dependent on the geo- 
m e t r i c a l  accuracy and the  re f lec tance  of the concentrator  sur face .  
Considerable e f f o r t  has been and is  being d i r e c t e d  toward developing 
f a b r i c a t i o n  techniques f o r  obtaining the  required geometrical  accur- 
a c i e s  and i n  inves t iga t ing  mater ia l s  which, i n  ground t e s t s ,  demon- 
s t r a t e  high re f lec tance .  
hawever, 
i n  the space environment. This resul ts  from two f a c t o r s :  unce r t a in ty  
of the  space environment and the d i f f i c u l t y  of s imulat ing e f f e c t i v e l y  
t h e  c h a r a c t e r i s t i c s  of the  space environment which a r e  known. 
problems of simulation are made p a r t i c u l a r l y  d i f f i c u l t  by the  neces- 
s i t y  of combining d i f f e r e n t  kinds of physical  s t r e s s e s  and continuing 
the  r e q u i s i t e  tests f o r  long durat ions.  

One area i n  which data  a r e  c r i t i c a l l y  weak, 
i s  t h a t  of performance and l i f e  of h ighly  r e f l e c t i v e  sur faces  

The 

Data on the behavior of r e f l e c t i v e  sur faces  i n  t h e  space environ- 
ment are a l s o  needed f o r  o ther  a p p l i c a t i o n s  such as  space veh ic l e  
temperature cont ro l .  Fur ther ,  it i s  expected t h a t  the change i n  
re f lec tance  c h a r a c t e r i s t i c s  of specular  sur faces  w i l l  provide informa- 
t i o n  about the space environment.which i s  not  ob ta inab le  from present  
instrumentation. 

The present cont rac t  i s  the t h i r d  between Electro-Optical  Systems, 
Inc.  and NASA, Langley Research Center i n  the  f i e l d  of ref lectometry 
i n  space. The f i r s t  cont rac t  was a study program t o  def ine a f l i g h t  
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experiment for determining the effects of the space environment of the 
performance of solar concentrator reflective surfaces (NASA CR-55893). 
This program included identification of the factors in space that will 
effect concentrator surfaces, the selection of concentrator surface 
samples for evaluation, and the analysis and prediction of the effects 
of various space environmental factors on concentrator surfaces. The 
program included consideration of the simulation of the space environ- 
ment in ground tests. 
the design of two complete satellite systems for testing concentrator 
surfaces in space, including the consideration of launch vehicles, 
orbits, onboard power, telemetry, command system, and attitude control. 
The basic concept of the rotating arm reflectometer originated on this 
program. A follow-on program included the design and fabrication of 
a breadboard prototype model of the reflectometer system, an analyti- 
cal study of bearings and seals in the space environment, a study of 
valving for attitude control, and a study of methods for separation 
of effects (NASA CR-60400). The reflectometer breadboard built under 
this program demonstrated the basic validity of the rotating-arm 
reflectometer approach. The other three task items also demonstrated 
the validity of the flight experiment approach conceived in the 
previous program. 

The main portion of the program comprised of 

The purpose of the present reflectometer program is the design, 
fabrication, and testing of a prototype of an improved reflectometer 
instrument. A further objective of this program has been the fabrica- 
tion and testing of a rotating seal which could be used for the hub of 
a flight-worthy reflectometer instrument. 
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PROTOTYPE REFLECTOMETER 

Philosophy and Object ives  

The o v e r a l l  ob jec t ive  of t h e  present  program wa t o  advance t h e  
s t a t e  of t h e  a r t  of ref lectometer  instrumentat ion t o  a p o i n t  where t h e  
development of fl ight-worthy hardware could be s t a r t e d .  The bas i c  ro-  
t a t i n g  a m  r e f l e c t m e t e r  concept had been shown t o  be sound. I n  t h i s  
type of instrument,  a number of small r e f l e c t i v e  samples a r e  arranged 
f a c e  up on the per iphery of a d i sc ,  where i n  a f l ight-worthy instrument 
they would be exposed t o  t h e  space environment. An arm, which is pivoted 
a t  t h e  cen te r  of the d i s c ,  r o t a t e s  above the samples, scanning each one 
i n  t u r n .  The arm p r o j e c t s  a beam of l i g h t  on to  t h e  sample being t e s t e d  
and r ece ives  t h e  r e f l e c t e d  port ion of t h e  l i g h t .  
passes  down i n t o  t h e  body of the r e f l ec tomete r  below the d i s c ,  where 
t h e r e  a r e  f u r t h e r  processing op t i c s  and t h e  d e t e c t o r s  and e l e c t r o n i c  
s i g n a l  processing necessary t o  analyze t h e  l i g h t  r e f l e c t e d .  A s i n g l e  
instrument,  thus,  s e r i a l l y  measures t h e  r e f l e s t a n c e  of a number of sam-  
p l e s .  While the  implementation of the concept i s  not  so simple a s  i t s  
desc r ip t ion ,  t h e  bas i c  instrument i s  simple and s tu rdy ,  and o f f e r s  a 
comparatively quick, p rec i se ,  pos i t i ve  way of measuring and comparing 
t h e  r e f l e c t a n c e  of many d i f f e r e n t  kinds of specular  su r f aces .  

The r e f l e c t e d  l i g h t  

Reflectance of each sample i s  measured simultaneously by two sep- 
a r a t e  systens.  One system u s e s  a tungsten lamp a s  t h e  l i g h t  source,  and 
t h e  o t h e r  uses energy from the sun which i s  admitted t o  t h e  r e f l e c t m e t e r  
through a window near the cen te r  of t h e  d i s c .  Th i s  system measures not 
only the t o t a l  specular  r e f l ec t ance  of t he  sample bu t  a l s o  analyzes the 
r e f l e c t a n c e  i n  four  s p e c t r a l  bands. 

I n  t h e  design of t h e  present prototype (Fig. l) ,  considerable  
a t t e n t i o n  was  paid t o  problem areas which had been encountered i n  t h e  
design and cons t ruc t ion  of  t h e  previous prototype. I n  p a r t i c u l a r ,  t h e  
f i r s t  model w a s  sub jec t  t o  ambiguities i n  t h e  measurement of s p e c t r a l  
r e f l e c t a n c e  i f  t h e  o r i e n t a t i o n  of the r e f l ec tomete r  re la t ive t o  t h e  sun 
changed. Fu r the r ,  t h e  measurements made with the  f irst  model w e r e  
s e n s i t i v e  t o  s l i g h t  sample curvature and misalignment. 

The second prototype has been designed t o  minimize t h e  e f f e c t  of 
a t t i t u d e  e r r o r s  and sample curvature and misalignment,, whi le  s t i l l  pro- 
ducing s a t i s f a c t o r y  s igna l  levels and measurement p rec i s ion .  The design 
has  a l s o  l a r g e l y  el iminated s t r a y  l i g h t  problems which had t roubled t h e  
previous o p t i c a l  model. While recognizing that this prototype is  not a 
f l ight-worthy model, and the  ruggedness and extreme l i g h t  weight which 
might be necessary i n  a fl ight-worthy model were no t  necessary here ,  
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cons ide rab le  a t t e n t i o n  was paid i n  t h e  design t o  instrument weight, 
packaging, and power requirements. A s  a r e s u l t  the  p re sen t  instrument 
has power requirements, weight, and volume which a r e  minimal f o r  such 
a prototype.  The prototype has an o v e r a l l  diameter of  50.8 c m ,  an 
o v e r a l l  height  of 23.4 c m  and a weight of approximately 13 Kg. 

Considerable e f f o r t  w a s  spent on a revised o p t i c a l  design f o r  t h e  
prototype.  While t h e  b a s i c  concept of  ob ta in ing  some redundancy by 
using two ref lectometer  systems in p a r a l l e l  w a s  r e t a i n e d ,  s u f f i c i e n t  
o p t i c a l  d e t a i l s  were changed to  warrant c a l l i n g  t h i s  a new design. 
The o b j e c t i v e  was t o  a t t a i n  an o p t i c a l  design s a t i s f a c t o r y  f o r  use i n  
a f l ight-worthy instrument with only very minor changes. These changes 
might include a d d i t i o n a l  mi r ro r s  whose only purpose is  t o  f o l d  t h e  
o p t i c a l  pa ths  for more convenient packaging, should t h e r e  be unusual 
packaging requirements on t h e  s a t e l l i t e  picked t o  c a r r y  t h i s  instrument. 

A l t e r n a t e l y ,  path-folding mirrors  which a r e  used i n  the  prototype 
could be omitted i n  a fl ight-worthy instrument.  Fu r the r ,  t h e  s i z e  o f  
t h e  instrument could be changed by s c a l i n g  i t  up o r  down and including 
more o r  fewer samples depending on t h e  a v a i l a b l e  su r face  a rea  and 
volume. The prototype i s  of  a s i z e  l a r g e  enough f o r  f a i r l y  easy fab- 
r i c a t i o n ,  and small enough f o r  convenient handling as a demonstration 
model. The mechanical packaging of t h e  instrument i s  intended t o  be 
s u f f i c i e n t l y  rugged t o  permit shipping and handling, but not  t o  be 
fl ight-worthy. S imi l a r ly ,  the e l e c t r o n i c s  are s imi l a r  i n  concept t o  
those  which would be used on a fl ight-worthy model, but  are not minia- 
t u r i z e d ,  ruggedized, o r  meant t o  be s t a b l e  under extreme environmental 
cond i t ions .  

Considerable unce r t a in ty  ex i s t ed  concerning t h e  s e a l  necessary t o  
penn i t  t he  i n t e r i o r  of the ref lectometer  t o  be pressurized and s t i l l  
a l low t h e  arm t o  r o t a t e  pe r iod ica l ly .  Since t h i s  kind of  a s e a l  would 
not  be necessary f o r  an earth-bound prototype,  i t  w a s  decided t o  divorce 
the  s e a l  from the  cons t ruc t ion  of  t h e  a c t u a l  prototype,  and b u i l d  a seal  
t e s t  f i x t u r e  s u i t a b l e  f o r  t e s t i n g  a v a r i e t y  of  s e a l s  independently of 
the  prototype ref lectometer .  As a r e s u l t ,  t h e  prototype is not  capable 
of p r e s s u r i z a t i o n  as would be a fl ight-worthy instrument.  

Amplification of t he  e l e c t r o n i c  s i g n a l s  in  t h e  ear l ie r  o p t i c a l  
model had been by dc ampl i f i e r s .  In  o r d e r  t o  obv ia t e  the  d r i f t  and 
n o i s e  problems a s soc ia t ed  with dc processing,  i t  w a s  decided t o  use some 
scheme f o r  chopping the  o p t i c a l  beams i n  the  p re sen t  prototype,  t hen  
use ac a m p l i f i c a t i o n  and subsequent demodulation. 

On the  e a r l i e r  o p t i c a l  model, t h e  c o n t r o l  and bas i c  power c i r c u i t r y  
had been mounted wi th in  the  model i t s e l f .  I n  o r d e r  t o  b e t t e r  s imula t e  
the  weight and volume requirements o f  a f l ight-worthy instrument,  t h e  
power and con t ro l  c i r c u i t r y  a r e  mounted i n  a c o n t r o l  box (see Figure 2) 
a t t ached  t o  the instrument by a cable 3 meters long. 
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FIGURE 1 PROTOTYPE REFLECTOMETER 

FIGURE 2 REFLECTOMETER CONTROL BOX 
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Opt ica l  Design 

Basic cons idera t ions .  - The basic  components of a re f lec tometer  
are a r a d i a t i o n  source ,  a r e f l e c t i v e  sample, and a de tec to r  f o r  t he  
r e f l e c t e d  r a d i a t i o n .  A choice of source and de tec to r  must be made 
cons ider ing  a number of f a c t o r s .  Among t h e s e  a r e  t h e  s p e c t r a l  band 
t o  be  considered,  t h e  s e n s i t i v i t y  necessary, t he  des i r ed  speed of 
response,  and t h e  a v a i l a b l e  space, weight, and power. 

I f  t h e  geometry i s  such t h a t  the d e t e c t o r  p icks  up only t h e  r ad ia -  
t i o n  which bounces from t h e  sample sur face  considered as a mir ro r ,  t h e  
measurement made i s  c a l l e d  specular  r e f l ec t ance .  I f ,  on t h e  o the r  
hand, t h e  geometry permits  t he  de t ec to r  t o  pick up a l l  of t he  r a d i a t i o n  
which i s  r e f l e c t e d  from t h e  sample,  r e g a r d l e s s  of t h e  angle ,  then  the  
measurement i s  of d i f f u s e  re f lec tance .  For t h e  present  purpose,  only 
specular  r e f l e c t a n c e  i s  of i n t e r e s t .  

Since i n  genera l  t he  amount of r a d i a t i o n  impinging on the  de t ec to r  
i s  a func t ion  not only of t he  specular  r e f l e c t i v i t y  of t h e  sample bu t  
a l s o  of t he  source-sample-detector geometry, p rovis ion  must be made f o r  
c a l i b r a t i o n  of t h e  system, o rd ina r i ly  by s u b s t i t u t i o n  of a sample of 
known r e f l e c t i v i t y .  This can be done, of course,  e i t h e r  by moving t h e  
re f lec tometer  from sample t o  sample o r  by s u b s t i t u t i n g  samples i n  a 
s t a t i o n a r y  re f lec tometer .  In the  present case ,  t h e  sample and most of 
t he  o p t i c s  of t he  re f lec tometer  a r e  s t a t i o n a r y  and t h e  impinging and 
r e f l e c t e d  beams are c a r r i e d  t o  the samples by a moving arm. 

Two d i f f e r e n t  sources are used i n  t h e  prototype r e f l ec tomete r ,  
one a tungs ten  lamp, the  o ther  an image of the sun. This  provides  a 
measure of redundancy and thus  increased r e l i a b i l i t y .  The r e f l e c t e d  
energy i n  t h e  s o l a r  channel i s  t o  be separa ted  i n t o  a number of d i f -  
f e r e n t  s p e c t r a l  bands f o r  spectrometr ic  measurements. It i s  f u r t h e r  
necessary t h a t  t h e  o p t i c a l  arrangement i n  both  systems be such as t o  
permit use of an o p t i c a l  chopper. 

Basic system. -A b a s i c o b j e c t i o n  t o  t h e  p r imi t ive  system, descr ibed 
above, i s  t h a t  it i s  r e l a t i v e l y  i n e f f i c i e n t .  Addition of a l e n s  t o  
focus  the  beam leaving  the  source permits much more energy t o  impinge 
upon the  r e f l e c t i v e  sample and thus permi ts  a higher s i g n a l  l e v e l  a t  
the  d e t e c t o r .  E f fec t ive ly ,  t h i s  lens forms a n  image of t h e  source a t  
t he  de t ec to r  a s  seen "through" t h e  r e f l e c t i v e  sample. Geanetry i n  
t h i s  kind of a system i s  s t i l l  c r i t i c a l ,  s i n c e  non-uniformit ies  i n  
the  source a r e  compounded wi th  non-uniformities ac ross  t h e  su r face  
of t he  de t ec to r ,  and what might appear n e g l i g i b l e  changes i n  sample 
o r i e n t a t i m  can produce r a d i c a l  changes i n  s i g n a l  l e v e l  a t  t he  de- 
t e c t o r .  Furthermore, i f  t he  sample i s  not abso lu t e ly  f l a t ,  t h e  image 
of t h e  source i s  no longer formed accura te ly  a t  the  su r face  of t he  
de t ec to r  and the s i g n a l  l e v e l  a t  the de t ec to r  can again change r a d i c a l l y .  

6520-Final 6 



To a l l e v i a t e  these  problems, the  image of t h e  source can be formed 
a t  a f i e l d  lens  ins tead  of a t  t h e  d e t e c t o r .  This k ind  of bas ic  system 
i s  i l l u s t r a t e d  i n  Figure 3. Here the re  i s  an image a t  the  d e t e c t o r ,  
bu t  t h e  image i s  of t h e  object ive l e n s ,  and not  of t h e  source. This 
objec t ive  l e n s  image i s  q u i t e  uniform, even though the source may be 
markedly uneven. The e f f e c t  of sample curva ture ,  seen a t  t h e  center  
of the sample , ( see  Figure 4) , is  t o  place a weak lens  a t  the  plane of 
t h e  sample. 
out  of the  plane of t he  de tec tor ,  thus changing t h e  i r r a d i a n c e  somewhat 
a t  the  de tec tor .  Off t h e  center of t he  sample, t h e  beam i s  not  only 
dsfoeusec! but t i l t e d  s l i g h t l y .  This i s  the same e f f e c t  t h a t  would be 
caused by angular misalignment even wi th  a p e r f e c t l y  f l a t  sample. This 
has t h e  e f f e c t  of moving the object ive l e n s  image somewhat a t  the  
d e t e c t o r ,  but so long as  t h e  de tec tor  s t a y s  completely wi th in  the  image 
of t he  ob jec t ive  lens  , t he  change i n  i r r a d i a n c e  seen by the  d e t e c t o r  is 
s l i g h t .  

This has the  e f f ec t  of moving the  o b j e c t i v e  l e n s  image 

I n  the  tungsten lamp channel, the  source i s ,  of course,  s t a t iona ry .  
I n  the  so l a r  channels,  however, t he  source i s  an image of t he  Sunj and 
motion of t h e  instrument r e l a t i v e  t o  the sun changes the p o s i t i o n  of 
t h e  image w i t h i n  the  ref lectometer .  A s  seen i n  Figure 3, t h i s  has t h e  
e f f e c t  of changing t h e  p o s i t i o n  of t h e  source image w i t h i n  t h e  f i e l d  
l e n s ,  but causes no radical changes i n  i r r a d i a n c e  a t  t h e  de tec tor  so 
long as t h e  solar re-image s t a y s  completely w i t h i n  the f i e l d  lens .  

A t  t h i s  po in t ,  source and de tec tor  s i z e  and conf igu ra t ion  remain 
t o  be f ixed.  These i n t e r a c t  with the geometrfc parameters of t h e  bas ic  
two-lens system, such as foca l  length,  l ens  diameter, and l e n s  t o  lens  
spacing. It i s  assumed here tha t  t he  sample i s  centered between the 
two lenses .  The problem i s  s imples t  i n  t he  case of t he  tungsten channel,  
where i t  i s  merely a matter of picking a tungsten lamp wi th  a small 
f i lament .  Some work was done in f a b r i c a t i n g  an a r r a y  of u l t r a -min ia tu re  
6-volt  lamps, but t h i s  w a s  discontinued when these  lamps w e r e  found t o  
be  excessively subject  t o  damage during solder ing.  Further  , these  
lamps would have required e i the r  use of a power-wasting dropping r e -  
s i s t o r  t o  reduce the  24 v o l t s  assumed a v a i l a b l e  from the power supply 
t o  the  6 v o l t s  necessary f o r  the lamps, o r  e l s e  the  use of four  lamps 
i n  t h e  s e r i e s  t o  make the  required 24 v o l t s .  Schemes were considered 
t o  increase t h e  r e l i a b i l i t y  of t h e  tungsten source which included the  
use of two conventional bulbs  operat ing through a beamsp l i t t e r ,  as 
w e l l  as use of a s p a t i a l l y  inter locked ar ray  of e l e c t r i c a l l y  separa te  
lamps. The f i n a l  dec i s ion  w a s  t o  use a s p e c i a l  type 327 lamp as  the  
source. This 28-volt bulb is conventionally used i n  a i r c r a f t  instrument 
l i g h t i n g  appl ica t ions ,  and a 25,000-hour l i f e  ve r s ion  of i t  commercially 
a v a i l a b l e .  
about 2.5 mm on a s ide .  In the prototype,  t h i s  bulb i s  used a t  20 
v o l t s  which i s  produced by a small r e s i s t o r  - zener diode r e g u l a t o r .  

The f i lament  is very s m a l l ,  a "u" shaped conf igu ra t ion  of 
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Assuming t h a t  conventional r e l i a b i l i t y  ex t r apo la t ions  a r e  c o r r e c t  and 
t h a t  t he  wear-out o r  burn-out mechanism is  not  changed by opera t ing  a t  
reduced vo l t age ,  t he  ra ted  l i f e  of t h i s  bulb a t  20 v o l t s  should be on 
the  o rde r  of a m i l l i o n  hours.  This should not  be the  weak l i n k  i n  the  
system! 

I n  the  s o l a r  channel,  an  image of  t he  sun must be used a s  a source. 
The image forming func t ion  i s  combined w i t h  one pa th- fo ld ing  mirror by 
using a s p h e r i c a l  concave m i r r o r  45' (0.78 rad ian)  from i t s  o p t i c a l  
a x i s .  Use t h i s  f a r  o f f  t h e  a x i s  produces cons iderable  a s t i g m a t i s m  i n  
the  image, but  s i n c e  the  s o i a r  image i s  re-imaged a t  the  f i e i d  l ens ,  
and not  a t  t h e  d e t e c t o r ,  t he  abe r ra t ion  becomes unimportant.  The 
parameters a v a i l a b l e  a t  t h e  mirror  a r e  mir ror  diameter and r ad ius  of  
cu rva tu re .  The l a r g e r  t he  r ad ius  of curva ture ,  t he  l a r g e r  t h e  s o l a r  
image, and the  more energy it conta ins .  Maximizing t h i s  rad ius  i s  not 
d e s i r a b l e ,  however, s i n c e  as the  radius  of curva ture  inc reases ,  t he  
amount of image motion produced by a given s a t e l l i t e  a t t i t u d e  c o n t r o l  
e r r o r  a l s o  increases .  Thus ,  wi th  increased diameter of t he  s o l a r  image 
forming mi r ro r ,  t he  energy ava i l ab le  wi th in  the  system becomes very  
l a r g e ,  but t he  system becomes extremely s e n s i t i v e  to  a t t i t u d e  c o n t r o l  
e r r o r s .  I n  the  present  system, the r ad ius  o f  curva ture  chosen is about 
5 cm, which g ives  an e f f e c t i v e  foca l  length f o r  t h i s  mir ror  o f  2.5 cm. 
The diameter of t he  mir ror  i s  about 1.25 cm, which permits  a t  l e a s t  
a f 5' (f 0.088 radian)  a t t i t u d e  e r r o r  before  v i g n e t t i n g  takes  p l ace  
a t  t h i s  mir ror .  

Spectrometer s ec t ion .  - I t  i s  necessary t h a t  a t  l e a s t  p a r t  of t h e  
energy which r e tu rns  from t h e  sample i n  the  s o l a r  channel be divided 
i n t o  i t s  s p e c t r a l  components f o r  a rough check on the  s p e c t r a l  r e f l e c -  
t i v i t y  of t he  sample. One s t ra ight forward  way o f  accomplishing t h i s  
t a sk  would be t o  rep lace  the  elemental  d e t e c t o r  with an a r r a y  of 
d e t e c t o r s ,  each covered w i t h  a f i l t e r  of appropr ia te  bandpass. This  
scheme i s  probably the  s imples t  and l i g h t e s t  poss ib l e ,  but  it s u f f e r s  
from the  vagar ies  of f i l t e r  technology. 
t he  most p red ic t ab le  i n  manufacture, but they  were not  considered 
because they would probably be too s e n s i t i v e  t o  repeated temperature 
cyc l ing ,  such a s  would be encountered i n  an o r b i t i n g  s a t e l l i t e .  So l id  
g l a s s  f i l t e r s  were a l s o  considered, but  t he  bandpasses des i r ed  could 
not  be found a s  ca t a log  i t e m s .  Ref lec t ive  d e f r a c t i o n  g r a t i n g s  would 
provide another  poss ib l e ,  it not  f e a s i b l e ,  so lu t ion .  No s i n g l e  g r a t i n g  
could be used over t he  wide wavelength range necessary here ,  s i n c e  
overlapping orders  of spec t r a  would be troublesome. Four sepa ra t e  
g r a t i n g s ,  having d i f f e r e n t  spacings, would be necessary.  This  would 
be considerably more expensive and c e r t a i n l y  more d i f f i c u l t  t o  f a b r i -  
c a t e  than the  so lu t ion  f i n a l l y  used. 

Thin f i l m  f i l t e r s  would be 

The s o l u t i o n  f i n a l l y  chosen is shown schemat ica l ly  i n  Figure 5. 
The image of ob jec t ive  lens  (as i n  Figure 3)  is formed a t  the  en t rance  
s l i t  of t he  spectrometer and a c t s  a s  a source f o r  it. Lens C co l l ima tes  
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t h e  energy from t h e  s l i t .  The beam then passes through t h e  prism, 
r e f l e c t s  from the  mir ror ,  and passes back through the  prism again.  
Lens C then forms an image of the s l i t ,  spread out  i n t o  a spectrum by 
the  two passes through t h e  p r i s m .  
quar tz  prism which i s  aligned to  t h e  angle of minimum dev ia t ion  a t  
2.0P. 
r ad ian ) ,  a s  i s  the e x i t  angle from the second sur face ,  a t  t h i s  wave- 
length.  The mirror  r e t u r n s  t h i s  beam on i t s e l f ,  and t h e  e x i t  beam 
from t h e  fo r th  sur face  is  p a r a l l e l  t o  t h e  o r i g i n a l  entrance beam. 
Table I l i s t s  t h e  r e f r a c t i v e  index of fused quartz  as a func t ion  of 
wavelength, together  w i t h  curnputed ex i t  angles a f t e r  two passes 
through the  prism. Based on these angles ,  the  15 cm foca l  length 
spectrometer lens  w i l l  produce a s p e c t r a l  spread of 2.3 cm a t  t he  
d e t e c t o r  plane,  f o r  the range 0.3 - 2 . 0 ~ .  The r e q u i s i t e  s p e c t r a l  reso- 
l u t i o n  i s  produced by l i m i t i n g  the s l i t  w i d t h  t o  1.25 mm. This gives  
s u f f i c i e n t  s igna l  a t  the  detector  ou tputs  without s e r i o u s l y  degrading 
the  r e s o l u t i o n  of the s p e c t r a l  measurements. T h i s  s l i t  w i d t h  repre-  
s e n t s  approximately 0 . 0 4 ~  reso lu t ion  a t  0.45b, and about 0 . 3 ~  a t  2 . 0 ~ .  
Four uncooled lead sulphide de tec tors  a r e  used i n  t h e  s p e c t r a l  detec- 
t o r  a r r a y ,  t h r e e  of 4 x 4 mm s i z e ,  and one of 5 x 10 mm s i z e .  Nomi- 
n a l l y ,  the  s p e c t r a l  regions covered a r e  0.3 - 0 . 4 5 ~ ~  0.45 - 0 . 6 5 ~ ~  
0.65 - 1 . 2 2 ~ ~  and 1.22 - 2.0~. 

The p r i s m  i s  a 60' (1.05 radian)  

The angle of  incidence a t  the  f i r s t  sur face  i s  45.9O (0.80 

TABLE I 

REFRACTIVE INDEX OF FUSED QUARTZ 
AND PRISM EXIT ANGLES (REF. 1) 

Ex it Ang l e  Exi t  Angle 
- A n (degrees) l r a d  ians)  
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0.30 1.488 55 .O 
0.35 1.478 53 .O 
0.42 1.468 51.1 
0.61 1.458 49.3 
1.20 1.448 47.6 
2.02 1.438 45.9 

10 

0.940 
0.925 
0.892 
0.860 
0.831 
0.801 



Complete o p t i c a l  system. - A schematic of t h e  complete o p t i c a l  
system, lacking only the  add i t iona l  mir rors  necessary t o  f o l d  i t  f o r  
more compact packaging, i s  shown as Figure 6. Both t h e  s o l a r  energy 
system and t h e  tungsten source system are shown i n  the  f igu re .  
two systems a r e  in te r locked  i n  such a way t h a t  t h e  ob jec t ive  l e n s  f o r  
one system i s  t h e  f i e l d  lens  fo r  t h e  o ther  system, and v i c e  versa .  
I n  the  s o l a r  energy system, Lens A a c t s  as t h e  ob jec t ive  lens ,  and 
Lens B acts as t h e  f i e l d  lens .  These two r o l e s  are reversed i n  t h e  
tungsten system. For ease in  drawing layout ,  the  system i s  shown 
"unfolded" around the  sample, so  t h a t  i n  the  drawing t h e  l i g h t  appar- 
en t ly  passes  through the  sample. Actua l ly ,  of course ,  t he  l i g h t  beam 
bounces of f  t h e  sample i n  every case.  

The 

Tracing through t h e  system, t h e  sun 's  energysenters  from t h e  upper 
l e f t  and i s  focused by t h e  concave r e f l e c t o r  t o  t h e  image shown. The 
energy from t h i s  image passes  through beamspl i t te r  A ,  through lens A, 
off  t h e  sample, through l ens  B ,  then off  beamspl i t te r  B. Par t  of t h i s  
energy f a l l s  upon the  white l i g h t  de t ec to r  and p a r t  of it passes  through 
t h e  s l i t  aper ture  f o r  measurement i n  t h e  spectrometer sec t ion .  The 
tungsten source i s  shown at t h e  f a r  r i g h t  of t h e  diagram. 
t h i s  source passes through beamspli t ter  B ,  through l e n s  B,  off  t he  
sample, through l ens  A, and i s  r e f l e c t e d  from beamspl i t te r  A t o  t h e  
"white l i g h t  de tec tor  f o r  tungsten' '  which i s  shown i n  t h e  diagram. 
choppers are shown i n  the  f i g u r e ,  bu t  the system i s  folded i n  such a 
way t h a t  t hese  are ac tua l ly  two p a r t s  of t h e  b l ades  of a s ing le  tun ing  
f o r k  proper.  

Energy from 

Two 

With t h e  add i t ion  of s u f f i c i e n t  mir rors  t o  package the  system 
r e a l i s t i c a l l y ,  i t  ge t s  somewhat more complex. Figure 7 shows the 
folded system, f o r  one arm pos i t ion ,  toge ther  wi th  r ays  i n d i c a t i n g  the  
pa th  of t h e  energy from t h e  tungsten source. The add i t iona l  components 
shown are the  a r m  mirrors  and %, pathfo ld ing  mi r ro r s  MI and %, and 
windows W1 and W2. 
r a y s  f o r  t h e  s o l a r  energy system ins tead .  Mirrors and Mr, as w e l l  as 
window W 1 ,  are located i n  t h e  arm and hub and r o t a t e  w i th  i t  as it scans. 
Window wz i s  t h e  s o l a r  window in  t h e  top p l a t e ,  through which t h e  sun's 
energy e n t e r s  the  re f lec tometer .  
w i th in  t h e  hub of the  ref lectometer ,  they are not  fas tened  t o  t h e  hub, 
bu t  are mounted i n  a tower which rises from t h e  basep la t e  which a l s o  
supports  many of t h e  o ther  components shown. 

Figure 8 i s  a similar diagram, but  including the 

While lenses A and B are mounted up 

The r e t u r n  beams from t h e  tungsten system and from t h e  s o l a r  
energy system c ross  as they go through t h e  chopper which i s  ind ica t ed  
only schematically i n  the f igu res .  This unusual f o l d i n g  of the beams 
permits  use of a s ing le  chopper f o r  bo th  s o l a r  and tungs ten  systems. 
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A l l  of t he  t r a n s m i t t i n g  op t i ca l  elements i n  the  sys t&s  shown are 
of fused qua r t z ,  t o  permit transmission i n  the  near  u l t r a v i o l e t .  Fused 
qua r t z  i s  an extremely s t a b l e  material which withstands the  r i g o r s  of 
t h e  space environment b e t t e r  than ordinary g l a s ses ,  hence it i s  used 
as the  s u b s t r a t e  f o r  mirrors  Mq and M5 as w e l l .  I ts  use f o r  windows 
W 1  and W;! i s  a l s o  d i c t a t e d  by i t s  r e s i s t a n c e  t o  the  space environment, 
s ince  i n  a f l ightworthy model these windows would be  t h e  seal between 
the  i n t e r i o r  of the  r e f l ec tomete r  and t h e  space vacuum. W 1  is  t i l t e d  

w i t h i n  the system. 
Assuming atmospheric pressure within the  instrument and a hard vacuuin 
without ,  t h i s  w i l l  provide a f ac to r  of s a f e t y  of a t  least 10 before  
breakage occurs because of t he  pressure d i f f e r e n t i a l .  

. about 3' r e l a t i v e  t o  the  hub a x i s  to  he lp  prevent spurious r e f l e c t i o n s  
Window WI and W2 are approximately 3.8 mm th ick .  

Cal ibrat ion.  - I n  the  measurement of t he  specular  r e f l e c t a n c e ,  
one of t he  key p r e r e q u i s i t e s  is a precise method of c a l i b r a t i n g  the  
instrument used. I n  the r o t a t i n g  arm r e f l ec tomete r ,  t h e  method used 
i s  t o  have two samples of known ref lec tance  mounted with t h e  other  
samples on t h e  periphery of the disc.  I n  t h i s  prototype,  t he  s tandards 
a r e  a fused quartz  prism (which uses the  phenomenon of t o t a l  i n t e r n a l  
r e f l e c t i o n  t o  achieve a high, constant r e f l e c t a n c e )  and a dummy sample 
painted wi th  a highly d i f f u s i n g  black coating. The normal rest posi-  
t i o n  of the  ref lectometer  a r m  of a f l ightworthy instrument would be 
over these  two reference samples, p ro t ec t ing  them. The use of r e f e r -  
ence samples i n  t h i s  way allows c a l i b r a t i o n  f o r  f u l l  scale d e f l e c t i o n  
once during each cyc le ,  thus great ly  enhancing t h e  c e r t a i n t y  wi th  which 
the  q u a n t i t a t i v e  r e f l e c t a n c e  measurements can be regarded. 
b r a t i n g  f o r  f u l l  s c a l e  reading once during each cyc le ,  d r i f t s  i n  
d e t e c t o r s ,  ampl i f ie rs ,  l i g h t  sources, and te lemetry are rendered rela- 
t i v e l y  unimportant. 

By cal i -  

The a c t u a l  re f lec tances  of t h e  roof p r i s m  and the black c a v i t y  a r e  
not p r e c i s e l y  100 percent  and zero,  respec t ive ly .  However, the p r i s m  
and the  black c a v i t y  have re f lec tances  which can be measured i n  t h e  
laboratory and which a r e  not expected t o  change appreciably i n  the space 
environment, p a r t i c u l a r l y  considering t h a t  they w i l l  be protected dur- 
ing most of t he  f l i g h t .  The s t a b i l i t y  of the prism i s  derived from two 
fea tu res :  

1. It i s  made of quartz  which i s  r e l a t i v e l y  immune t o  space 
environmental e f f e c t s .  

2. A r e f l e c t i o n  occurs by t o t a l  i n t e r n a l  r e f l e c t i o n  wi th in  the 
prism. It does not depend on t h e  u s e  of any sur face  coat ings which 
might degrade. 

While the 100% p r i s m  i s  extremely s t a b l e  i n  r e f l e c t a n c e ,  c a l c u l a -  
t i ons  i n d i c a t e  t h a t  it should be qui te  s e n s i t i v e  t o  modest misalignments. 
The index of r e f r a c t i o n  of fused q u a r t z  i s  so  low t h a t  f o r  a roof prism 
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0 
such a s  the  45'-45O-90 (0.78-0.78-1.57 rad ian)  prism used here  t o  
e x h i b i t  t o t a l  i n t e r n a l  r e f l e c t i o n ,  t h e  impinging r a d i a t i o n  must  be 
almost normal t o  the  hypotenuse f ace  of t he  p r i sm.  The value of 
"almost" depends on the  wavelength of t he  r ad ia t ion .  
c a t e s  t he  maximum angle  of  incidence a t  t he  hypotenuse t h a t  w i l l  y i e l d  
i n t e r n a l  r e f l e c t i o n  f o r  the  prism. 

Table I1 ind i -  

TABLE I1 

ANGLE OF INCIDENCE VS WAVELENGTHS 
FOR -IOO% CbLIBMTE PPJS?! "EFLECTICN" 

Angle of Angle of 
Incidence Incidence Lw (degrees) (mi l l i r ad ians )  

2 .o 
1.6 
1.2 
0.8 
0.6 
0.4 
0.35 

1.35 
1.65 
1.81 
2 .21  
2.48 
3.15 
3 -53 

23.6 
28.8 
31.6 
38.6 
43 -3 
55 .O 
61.6 

In  the  case  of t he  tungsten source and proper  alignment the  beam 
geometry i s  as shown i n  Figure 9 .  
rays  makes w i t h  t he  o p t i c a l  ax is  i n  t h i s  case  i s  

The angle  which each of t he  extreme 

1 2.54 + 0.38 
TAN- 2 (64) 1.3 lo (0.0229 radian)  

Thus, t o t a l  i n t e r n a l  r e f l e c t i o n  i s  achieved i n  a p e r f e c t l y  a l igned  sys- 
t e m  f o r  wavelengths up t o  about 2 . 0 6 ~  and no f a r t h e r .  I n  the  presence 
of  moderate misalignments,  i t  is  thus  apparent  t h a t  t he  r e f l e c t a n c e  of 
t he  p r i s m  might drop considerably below 100 pe rcen t ,  but t o  t h e  ex ten t  
t h a t  t he  misalignment remain cons tan t ,  t he  e f f e c t i v e  r e f l e c t a n c e  Qf the  
prism would a l s o  remain constant .  Given p a r t i c u l a r  misalignments,  and 
given also the  d i s t r i b u t i o n  of i r r a d i a n c e  i n  the  image, i t  t akes  only  a 
r a t h e r  s t ra ight forward  but  tedious g raph ica l  i n t e g r a t i o n  t o  y i e l d  the  
p o l a r i z a t i o n  r e f l e c t i o n  c o e f f i c i e n t s  of t he  prism . f o r  any p a r t i c u l a r  
wavelength. It should s u f f i c e  t o  know here  t h a t  accura te  alignment i s  
a n e c e s s i t y  i f  t h e  prism is t o  be regarded a s  a "100%" sample up 
beyond t h e  v i s u a l  range of the  spec t r a .  It should a l s o  be emphasized, 
however, t h a t  while t he  prism may not  represent  a 100% sample, i t  does 
represent  a s t a b l e  s tandard.  
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Electronic  System 

Basic considerat ions.  - The e l e c t r o n i c  requirements f o r  t h e  pro- 
t o type  r e f l ec tomete r  are r e l a t i v e l y  s t ra ightforward.  A c o n t r o l  box i s  
provided which provides t h e  necessary switches and s e l e c t o r s  t o  ope ra t e  
t h e  prototype, a s o l i d - s t a t e  power supply which converts 115 Vac, 60 
cyc le  power t o  24 Vdc power used i n  t h e  instrument,  t oge the r  w i t h  an 
output  meter and necessary switching and i n d i c a t i o n  c i r c u i t r y .  The 
power supply mentioned i s  a r e l a t i v e l y  heavy one, and r e p r e s e n t s  what 
would be b a t t e r i e s  and/or s o l a r  c e l l s  on an o r b i t i n g  satell i te.  It 
i s  placed w i t h i n  the c o n t r o l  box so as not t o  pena l i ze  t h e  weight and 
volume of t h e  prototype instrument by including p a r t s  that would log- 
i c a l l y  be i n  t h e  parent  sa te l l i t e  of an a i rbo rne  instrument.  A l l  o the r  
func t ions  which would be performed i n  a f l ightworthy instrument are 
contained i n  t h e  prototype. 

A system block diagram i s  shown a s F i g u r e  10. The area t o  t h e  l e f t  
of t h e  do t t ed  l i n e  r e p r e s e n t s  t he  c o n t r o l  box and the area t o  t h e  r i g h t  
t h e  prototype proper.  
r e l a y  i n  t h e  ref lectometer  which app l i e s  24-V power t o  the  tun ing  f o r k  
d r i v e  c i r c u i t  and t o  a threshold sensor c i r c u i t .  While the  tuning 
f o r k  proper i s  a t t a i n i n g  i t s  f u l l  amplitude, a process which takes 
15 - 30 seconds from a s t a t i o n a r y  s ta r t ,  no other  power i s  appl ied t o  
components w i t h i n  t h e  prototype.  The threshold c i r c u i t  shown monitors 
a r e fe rence  output from t h e  tuning f o r k  d r i v e  c i r c u i t  and c l o s e s  t h e  
power r e l a y  shown when t h i s  reference output has  a t t a i n e d  s u f f i c i e n t  
amplitude. The amplitude of t h i s  r e fe rence  output i s  p ropor t iona l  t o  
t h e  amplitude of t h e  tuning fo rk  o s c i l l a t i o n s .  When t h e  power r e l a y  
c l o s e s ,  t h e  24-V power i s  appl ied t o  t h e  tungsten lamp, t o  t h e  arm 
d r i v e  motor, and t o  the  detector-amplif ier  c i r c u i t r y .  Thus, the lamp 
and motor c i r c u i t s ,  which would represent  t h e  l a r g e s t  p a r t  of t h e  
instrument power requirements of an o r b i t i n g  instrument,  are not a c t i -  
vated during t h e  warmup period of t h e  chopper. Each of t h e  s ix  
d e t e c t o r - a m p l i f i e r - r e c t i f i e r  channels of t h e  prototype i s  i d e n t i c a l ,  
w i t h  t h e  exception of t h e  tungsten channel. 
s i v e  bandpass f i l t e r  which i s  used i n  each of t h e  o t h e r  channels t o  
inc rease  t h e  signal-to-noise r a t i o .  

A "scan" command from the c o n t r o l  box c l o s e s  a 

This channel omits a pas- 

Detectors.  - The d e t e c t o r s  used i n  t h i s  prototype are uncooled 
photoconductive lead sulphide cells s i m i l a r  t o  the ones used i n  t h e  
previous o p t i c a l  model. Lead sulphide cells provide extremely l i g h t -  
weight,  low-bias power requirements,  and good d e t e c t i v i t y  and s p e c t r a l  
response.  While these  d e t e c t o r s  a r e  o r d i n a r i l y  used' mostly i n  i n f r a r e d  
a p p l i c a t i o n s ,  t h e  d e t e c t o r  manufacturer had confirmed t h a t  t h e i r  
response extended wel l  down i n t o  the u l t r a v i o l e t  region (see Figure 11) 
and hence they were s u i t a b l e  f o r  use i n  t h i s  app l i ca t ion .  
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Four-by-four mil l imeter  de t ec to r s  have been used i n  every case  ex- 
cept  i n  t h e  "blue" spectrometer channel. The spectrum i s  so widely 
spread i n  t h a t  ca se  t h a t  a five-by-ten mil l imeter  d e t e c t o r  i s  necessary 
t h e r e .  In every case the a c t i v e  detector  has a pa i r ed  "blind" d e t e c t o r  
which i s  shielded from the  l i g h t ,  and which is  e l e c t r i c a l l y  i n  s e r i e s  
with the a c t i v e  d e t e c t o r .  Lead sulphide d e t e c t o r s  a r e  markedly tempera- 
t u r e  s e n s i t i v e ,  but  t h i s  b i a s  configurat ion produces a matched load over 
r e l a t i v e l y  wide temperature v a r i a t i o n s ,  and l a r g e l y  e l imina te s  spurious 
s i g n a l s  caused by temperature changes. Active and b l ind  d e t e c t o r s  i n  
each channel a r e  matched i n  r e s i s t a n c e  t o  wi th in  10% a t  room temperature 

Amplifier channels.  - The lead sulphide d e t e c t o r s  used i n  t h e  proto-  
type have a nominal r e s i s t a n c e  of approximately 0.5 megohmslsquare, a 
reasonably conventional value f o r  uncooled lead sulphide.  This r a t h e r  
high impedance p resen t s  a problem when coupling t o  a conventional t r a n s -  
i s t o r  ampl i f i e r ,  s i n c e  t h e  amplif ier  input  impedance i s  a p t  t o  be lmer 
than t h i s  by a f a c t o r  of from 10 t o  100. The f i e l d  e f f e c t  t r a n s i s t o r  
(FET), a r e l a t i v e l y  new member of the t r a n s i s t o r  family,  o f f e r s  an ex- 
tremely high input  impedance compared with o the r  t r a n s i s t o r s .  F o r , t h a t  
reason an FET pre-amplif ier  has been used i n  t h e  prototype.  A schematic 
i s  shown i n  Figure12. The input r e s i s t o r s  f i x  the b i a s  a t  t h e  g a t e  of 
t he  FET, and t h e  emi t t e r  fol lcwer  output s t a g e  permits t h e  FET t o  work 
i n t o  a r e l a t i v e l y  l a r g e  load r e s i s t o r ,  f o r  increased ga in .  The vo l t age  
gain of the two-stage c i r c u i t  a s  shown is  about 10. Five of t hese  pre- 
a m p l i f i e r s  a r e  packaged with the  f i v e  s o l a r  channel de t ec to r s  i n  a s i n g l e  
small block. This configurat ion permits use of t he  high impedance a t  t he  
i n t e r f a c e  of the de t ec to r  and the pre-amplifier without t h e  pickup noise  
problems t h a t  would be encountered i f  they were mounted remotely from 
each o t h e r .  While the de t ec to r  f o r  t h e  tungsten channel i s  mounted a t  
the s i d e  of t he  tuning fork chopper, i t s  pre-amplif ier  i s  mounted seve ra l  
cent imeters  away. This  arrangement i s  s a t i s f a c t o r y  i n  t h i s  ca se  because 
of t h e  l a r g e r  s igna l  l e v e l s  involved. 

I n  the  s o l a r  channels, t he  FET pre-amplif ier  feeds a modular band- 
pass f i l t e r  which is  tuned t o  105 cps, t he  fundamental frequency of the  
fork v i b r a t i o n s .  F i l t e r  input and output impedances a r e  10 kohm and 40 
kohm, r e spec t ive ly .  The 40 kohm output e f f e c t i v e l y  matches t h e  input 
impedance of the following power ampl i f i e r .  I n  t h e  tungsten channel t h e  
f i l t e r  i s  not  used, but t h e  pre-amplifier feeds the  power ampl i f i e r  d i r e c t l y .  

The power ampl i f i e r s  a r e  modular, f o u r - t r a n s i s t o r  ac-coupled ampli- 
They a r e  supplied wi th  an open feedback loop which is closed f i e r s .  

r e s i s t i v e l y ,  i n  t h i s  case,  t o  provide s t a b l e  ampl i f i ca t ion .  The b lue  
s o l a r  channel c a r r i e s  f ixed feedback producing an ampl i f i e r  with a ga in  
of 100 dB, the  maximum recommended by the ampl i f i e r  manufacturer.  Each 
of t h e  other  ampl i f i e r  channels has a mul t i - t u rn  pot t o  allow reasonably 
easy con t ro l  over t h e  ampl i f i e r  gain. 
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The s i x  power a m p l i f i e r s  a r e  run d i r e c t l y  off  t h e  power supply bus. 
The FET pre-amplif iers  a r e  separated from the  ampl i f i e r  bus by a s i n g l e  
s e c t i o n  of r c  f i l t e r i n g ,  t o  e l iminate  feedback-generated o s c i l l a t i o n s .  

R e c t i f i e r - F i l t e r .  - The output of each ampl i f i e r  s t age  i s  capac i to r -  

F i l t e r i n g  a t  t he  r e c t i f i e r  output i s  provided by a s i n g l e  ca- 
coupled t o  a step-up transformer which feeds,  i n  t u rn ,  a f u l l  wave rec- 
t i f i e r .  
p a c i t o r ,  which was chosen t o  l i m i t  the  peak-to-peak output r i p p l e  t o  
about 10% of the  dc l e v e l  p re sen t .  This produces a usable  dc s i g n a l  
without prejudicing the  t r a n s i e n t  response a t  t h e  output of the ampli- 
f i e r s .  

Tuning; fork & c o n t r o l  c i r c u i t r y .  - The tuning fork chopper i s  a con- 
vent ional  tuning fork with two add i t iona l  e l e c t r i c a l  c o i l s ,  one t o  pro- 
vide a d r iv ing  fo rce  and the other  t o  provide a sensing feedback. The 
manufacturer ' s  tuning fork chopper d r ive  c i r c u i t  is shown a s  Figure 13. 
It i s  a two- t r ans i s to r  ampl i f i e r ,  with the second t r a n s i s t o r  being used 
t o  couple t o  the  r e l a t i v e l y  low impedance of t h e  d r i v e  c o i l .  The r e f -  
erence output,  mentioned above, i s  taken from t h e  e m i t t e r  terminal  of 
the d r i v e  c o i l .  

The threshold c i r c u i t  used t o  c l o s e  and l a t c h  t h e  power switching 
r e l a y  comprises a vo l t age  d i v i d e r  and a s i l i c o n - c o n t r o l l e d  r e c t i f i e r .  
When the  tuning fork d r i v e  c o i l  vol tage g e t s  s u f f i c i e n t l y  l a rge ,  t h e  
s i l i c o n - c o n t r o l l e d  r e c t i f i e r  f i r e s  and t h e r e a f t e r  s t a y s  i n  a conductive 
s t a t e  u n t i l  t h e  supply vo l t age  i s  removed f r a n  i t .  

Mechanical Design and Packaging 

General conf igu ra t ion .  - The basic concept of the r e f l e c t o m e t e r ' s  
s t r u c t u r e  i s  shown i n  Figure 14. The basic  package comprises t h r e e  sec- 
t i o n s :  t h e  top  p l a t e ,  t h e  base p l a t e ,  and t h e  arm and hub assembly. 
A l l  of these p a r t s  a r e  of  aluminum. The top  p l a t e  i s  a c i r c u l a r  d i s c ,  
50.8 c m  i n  diameter and 9.5 mm thick f o r  most of i t s  a r e a .  Near t h e  
per iphery of the d i s c  i s  an a r r a y  of c i r c u l a r  openings about 3 . 9  cm i n  
diameter, i n t o  which t h e  samples a r e  mounted. 
each sample i s  mounted on a small t r i a n g u l a r  backing p l a t e ,  which i s  
fastened t o  the back face of the disc .  These mounting p l a t e s  a r e  a f f i x e d  
t o  t h e  d i sc  by t h r e e  screws, but are spaced from the back of the d i s c  
by O - r i n g s  placed between t h e  mounting pad and t h e  d i s c .  The samples 
a r e  thus ,  i n  e f f e c t ,  spr ing mounted by the  compression of t h e  O-rings. 
Tightening and loosening the mounting screws which hold the  pad t o  t h e  
d i sc  produces s l i g h t  but s u f f i c i e n t  adjustment of t h e  plane of t h e  
sample. 

For ease i n  alignment, 

Most of t he  o p t i c a l  components, a s  w e l l  a s  t h e  e l e c t r o n i c s ,  a r e  
mounted t o  the base p l a t e ,  which i s  held t o  the  top p l a t e  by c y l i n d r i c a l  
aluminum s t a n d o f f s .  A l l  of the op t i ca l  components, except those i n  t h e  
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a r n  and the s o l a r  entrance window i n  t h e  top -p la t e ,  a r e  a f f i x e d  t o  t h e  
base -p la t e .  This allows t h e  base-plate components t o  be al igned sub- 
s t a n t i a l l y  independently of the top -p la t e  and hub and arm assembly. 
This i s  a much more convenient arrangement than i f  t h e  base -p la t e  and 
top -p la t e  had t o  be made e a r l y  i n  the f a b r i c a t i o n  process  and a l l  of 
t h e  o p t i c a l  alignment done t h e r e a f t e r .  

The arm and hub assembly is t h e  t h i r d  bas i c  s t r u c t u r a l  component. 
The bas i c  concept used here  i s  portrayed i n  Figure 15. Two pre-loaded 
b a l l  bearings of  s u b s t a n t i a l  bore permit t h e  inne r  p a r t  of  t h e  hub t o  
r n t a t e  r e l i t i v e  t o  the  mi te r  part  while maintaining the  accu ra t e  a l i g n -  
ment necessary f o r  o p t i c a l  purposes. An hermetic seal  i s  mounted i n  
t h e  seal  a r e a  shown, between the inne r  and o u t e r  p o r t i o n s  of  t he  r o t a t -  
ing hub, t o  prevent l o s s  of i n t e r n a l  r e f l ec tomete r  a i r  p re s su re  p a s t  
t h i s  point .  The s l i g h t l y  s lanted p l a t e  shown i n  t h e  c e n t e r  of  t h e  hub 
below the  mi r ro r  represents  quartz window W (which is  shown a l s o  i n  
Figures  7 and 8), which s e a l s  off t he  p o s s i i l e  a i r  pa ths  up through 
t h e  c e n t e r  of the hub. A large spur  gea r  i s  mounted t o  t h e  bottom of 
t h e  r o t a t i n g  s e c t i o n  of the hub and dr iven by a dc gearhead motor 
mounted d i r e c t l y  t o  the  s i d e  of t h e  hub housing. Assuming t h a t  these 
two gears  are e s s e n t i a l l y  f r i c t i o n l e s s ,  t h e  a v a i l a b l e  s t a r t i n g  torque 
r e f e r r e d  t o  the  a x i s  of r o t a t i o n  o f  t h e  arm is 84 inch-pounds (9.5 
meter-newtons). The seal  i n s t a l l e d  i n  t h e  prototype r e f l ec tomete r  hub 
(but not  used, s i n c e  the  prototype is  not  otherwise p re s su re  t i g h t ) ,  
has  shown s t a r t i n g  and running torques on the  o r d e r  of 20 inch-pounds 
( 2 . 3  meter-newtons), Thus, the motor d r i v e  used provides  a substan- 
t i a l  f a c t o r  of s a f e t y  i n  case of a marked inc rease  i n  seal  o r  bear ing 
f r i c t i o n .  

The choice of  motor f o r  dr iving t h e  hub of  a f l i gh twor thy  r e f l e c -  
tometer would depend, i n  a large measure, on t h e  leakage rates a t t a i n -  
a b l e  with the seal chosen. One manufacturer s p e c i f i e s  t h a t  h i s  
brushes w i l l  ope ra t e  s a t i s f a c t o r i l y  a t  a l t i t u d e s  a s  high a s  30.5 km, 
wh'ch corresponds t o  an ambient p re s su re  of  about 8 t o r r  (1.1 x 

a t t endan t  dc t o  a c  conve r t e r ,  the i n t e r n a l  p re s su re  necessary a t  t he  
end o f  t h e  mission would be considerably less, and t h e  seal  requirements 
correspondingly less s t r i n g e n t .  An a c  gearhead motor and conve r t e r  
combination would be more expensive and somewhat h e a v i e r  (minimum 
p e n a l t i e s  would be on t h e  order  o f  $1000 and 0.34  kg, r e s p e c t i v e l y )  
bu t  i n  the  case of ca t a s t roph ic  l o s s  o f  a l l  p r e s s u r i z a t i o n  i n s i d e  the  
r e f l ec tomete r ,  a properly lub r i ca t ed  ac motor would cont inue t o  oper- 
a t e  while a dc motor would f a i l  quickly.  Since the  change t o  a n  a c  
motor-converter would be a r e l a t i v e l y  s t r a igh t fo rward  one, and i n  view 
of the  market c o s t  d i f f e r e n c e ,  a dc gearhead motor was  chosen f o r  t he  
prototype. Mounted a s  it i s ,  d i r e c t l y  t o  t h e  s i d e  of  t h e  s t a t i o n a r y  
p o r t i o n  of  the hub, the mechanical drive path i s  ve ry  s h o r t  and s t a b l e .  
The motor has been wrapped w i t h  magnetic sh i e ld ing  f o i l ,  and t h e  l i n e  
f i l t e r  i s  used between the motor and t h e  power supply t o  help reduce 
t h e  i n e v i t a b l e  brush noise.  

10 3 newton/meter 2 ). I n  the case t h a t  an a c  motor w e r e  used, with i t s  
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A l l  of t h e  e l e c t r o n i c  components, with the exception of the tuning 
f o r k ,  t he  tungsten source,  and the s o l a r  d e t e c t o r s ,  and p re -ampl i f i e r s ,  
a r e  mounted on an i r r e g u l a r l y  shaped bracket  which i n  t u r n  i s  mounted 
t o  t h e  base p l a t e .  The configurat ion of the e l e c t r o n i c s  bracket was 
chosen t o  keep the c e n t e r  of g rav i ty  of the base p l a t e  c l o s e  t o  i t s  
geometric c e n t e r .  

The base assembly i s  covered by a coffee-can-shaped dust  cover,  
a t t ached  t o  t h e  upper d i s c ,  and surrounding t h e  base assembly but  not 
touching i t .  A s  w e l l  a s  a c t i n g  a s  a dust  cover,  t h i s  s imulates  what 
w e  p re sen t ly  envis ion t o  be t h e  most f e a s i b l e  method of hermetical ly  
s e a l i n g  a f l ightworthy model. 

The o p t i c a l  mountings have been designed with a s  few degrees of 
freedom a s  poss ib l e ,  c o n s i s t e n t  w i t h  being a b l e  t o  a l i g n  t h e  reflectom- 
e t e r  components. The th ree  lenses ,  both windows, and the  spectrometer 
prism a r e  a l l  e i t h e r  cemented or clamped i n t o  t h e i r  c e l l s ,  which a r e  not 
a d j u s t a b l e .  I n  a l l  o t h e r  cases ,  t h e  o p t i c a l  elements are  mounted i n  c e l l s  
which a r e  s l i g h t l y  a d j u s t a b l e  with r e spec t  t o  t h e  bas i c  s t r u c t u r e .  The 
two beamsp l i t t e r s  and the l a t e r a l  mi r ro r  M2 a r e  mounted i n  c e l l s  which 
can be adjusted around th ree  orthogonal axes .  The v e r t i c a l  a x i s  i s  
gimballed t o  permit a r e l a t i v e l y  wide range of adjustment, wh i l e  a l i g n -  
ment i n  t h e  other two axes i s  provided by push-pull screws. 

Assembly and Alignment 

Base p l a t e  assembly. - Optical  alignment of t h e  e n t i r e  system was 
accomplished using a l a s e r  beam a s  an alignment t o o l ,  a s  was done with 
t h e  f i r s t  prototype r e f l e c t m e t e r .  The high b r igh tness  and small diam- 
e t e r  of the l a s e r  beam render i t  inva luab le  a s  an alignment t o o l  with 
reasonably complex o p t i c a l  systems l i k e  t h a t  of t h e  p ro to type .  

Op t i ca l ly ,  t he  only function of t he  arm i s  t o  permit s u b s t i t u t i o n  
of one sample fo r  another by moving t h e  r e f l e c t m e t e r  beams. I f  t he  
arm-disc assembly i s  properly aligned, t he  base assembly "sees" t h e  
sample  a s  though t h e  sample were suspended h o r i z o n t a l l y  f a c e  down i n  
midair  above the cen te r  of t h e  base assembly. To f a c i l i t a t e  o p t i c a l  
alignment, an a d j u s t a b l e  r i n g  stand w a s  used t o  hold a mirrored pre- 
c i s i o n  o p t i c a l  f l a t  45.5 c m  above t h e  bottom of t he  base p l a t e .  This 
f l a t  w a s  thus i n  the  same op t i ca l  p o s i t i o n  a s  a sample would be. The 
l a s e r  beam was then al igned 1 . 8 3  c m  above the  top  of the base p l a t e  and 
p a r a l l e l  t o  i t .  This was the  nominal height  f o r  a l l  of t he  h o r i z o n t a l  
beams i n  the  r e f l ec tomete r .  Using the l a s e r ,  t h e  o p t i c a l  elements were 
then i n s t a l l e d  i n  the following order:  M1, l enses  A and B, the  chopper, 
beamsp l i t t e r  A ,  M6, and the spectrometer elements.  
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The tungsten lamp w a s  then i n s t a l l e d ,  a s  w e l l  a s  beamsp l i t t e r  B,  
and t h e  l a t t e r  was ad jus t ed  u n t i l  the image l ens  B w a s  properly centered 
on t h e  tungsten d e t e c t o r .  The spectrometer mirror  was adjusted u n t i l  
the  s p e c t r a l  image of t h e  entrance s l i t  was centered v e r t i c a l l y  on t h e  
d e t e c t o r s ,  and the  narrow red l i n e  from the  0.63~ l a s e r  was seen j u s t  
a t  t h e  "red" end of the 0.45 - 0 . 6 5 ~  d e t e c t o r .  

Alignment of t h e  hub-arm sample assembly was done be fo re  mating i t  
t o  t h e  base assembly. Before the d i s c  was fastened t o  t h e  hub, window 
W 1  and mi r ro r s  M4 and Ms w e r e  i n s t a l l e d ,  and a mirrored f l a t  placed 
over the arm a p e r t u r e  nea r  M5 t o  simulate a sample. Arm alignment w a s  
then done by looking up i n t o  t h e  hub and moving M u n t i l  t he  a p e r t u r e s  
seen w e r e  concentr ic .  The extra alignment mi r ro r  w a s  then removed 
from t h e  end of t h e  arm, and t h e  disc  with i t s  samples w a s  a t t ached  to  
t h e  hub. The assembly w a s  then inverted,  and a mirrored o p t i c a l  
f l a t  placed over t h e  hub ape r tu re .  The laser beam was auto-collimated 
from t h e  cen te r  of t h i s  mi r ro r ,  then the  mirror  was removed and t h e  
sample adjusted u n t i l  auto-collimation was again achieved. I n  t h e  
case of the reference prism, i t  was a l s o  necessary t o  a l i g n  t h e  prism 
r a d i a l l y  u n t i l  the  prism a x i s  of the prism w a s  p a r a l l e l ,  a s  seen through 
t h e  arm, t o  w h a t  would l a t e r  b e  the common cen te r  l i n e  of l enses  A and 
B .  Th i s  was necessary because a roof prism a c t s  a s  a common mi r ro r  
(incidence equals  r e f l e c t i o n )  i n  one plane and i s  r e t r o d i r e c t i v e  ( in-  
c idence equals  minus r e f l e c t i o n )  i n  t h e  other  plane.  
t o  be i n c o r r e c t l y  o r i en ted  r a d i a l l y ,  so that t h e  r e t r o d i r e c t i v e  plane 
contained the common cen te r  l i n e  of l enses  A and By  the output beam from 
each l ens  would r e t u r n  upon i t s e l f ,  r a t h e r  than being r e f l e c t e d  t o  the 
other  lens. 

4 

I f  t h e  prism w e r e  

System Transmission 

A modest t ransmission a n a l y s i s  o f  t he  type t h a t  had been done f o r  t h e  
previous o p t i c a l  model w a s  undertaken f o r  t h e  new prototype. 
d e t a i l e d  procedure was w e l l  covered i n  t h e  f i n a l  r e p o r t  f o r  t he  previous 
p r o j e c t ,  only a summary desc r ip t ion  w i l l  be given he re .  The general  
method involves s e t t i n g  up a p a i r  of p o l a r i z a t i o n  axes, orthogonal both 
t o  t h e  o p t i c a l  axis of t h e  system (considering t h e  system is completely 
unfolded) and t o  each o the r .  Transmission of t he  system is  then cm- 
puted f o r  polar ized components p a r a l l e l  t o  each of t h e s e  two axes,  and 
the  transmission of the system as a whole computed by canbining t h e s e  
two components. I n  t h e  case of t he  tungsten system, t h e  transmission 
i s  exac t ly  the  same a s  t h a t  of t h e  "ILS" system of t h e  previous o p t i c a l  
model, with the  exception t h a t  t h e  beamspl i t ter  used here  gives  s l i g h t l y  
higher e f f i c i e n c y  ( a t  l e a s t  i n  t he  v i s u a l )  than t h a t  used on the  previous 
device.  I n  each o p t i c a l  system, the beamsp l i t t e r  i s  seen once i n  r e f l e c -  
t i o n  and once i n  t ransmission.  Thus, a beamspl i t ter  e f f i c i e n c y  c r i t e r i o n  
i s  t h e  product of t h e  r e f l e c t i o n  and t ransmission c o e f f i c i e n t s  i n  each 

Since t h e  
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p o l a r i z a t i o n  a x i s .  I n  t h e  present case,  t h a t  product i s  0.126 i n  one 
a x i s  and 0.119 i n  the  orthogonal a x i s .  I n  t h e  previous sys t an ,  t h e  
transmission and r e f l e c t i o n  were measured, though not i n  po la r i zed  
l i g h t ,  and i n  v i s u a l  l i g h t  t h e  one-reflection/one-transmission c o e f f i -  
c i e n t  was approximately 0.10. Thus, the transmission of t h e  present  
tungsten system i n  v i s i b l e  l i g h t  should be, o v e r a l l ,  about 2077 higher 
than t h a t  of t h e  previous system, or about 5%. 

A s i m i l a r  c a l c u l a t i o n  was c a r r i e d  out f o r  t h e  s o l a r  energy sys t en .  
Beamsplit ter data  had not been obtained s p e c t r a l l y ,  but only as  a lumped 
m_eaur~m_~nt using a v i s u a l  photometer, hence t h e  c a l c u l a t i o n s  w e r e  ca r -  
r i e d  t o  completion only a t  one wavelength, namely 0.5Op, where t h e  
photometric da t a  should be s a t i s f a c t o r y .  Calculat ions i n d i c a t e  t h a t  
a t  t h i s  wavelength t h e  transmission of the s o l a r  energy system i s  about 
4.6%, and t h a t  t h e  modulation due t o  arm p o s i t i o n  is  of t he  order of 
2% of the average reading.  If t h i s  c a l c u l a t i o n  w e r e  c a r r i e d  out as a 
funct ion of  wavelength, the r e s u l t s  expected would be approximately the 
same a s  those obtained on t h e  previous p r o j e c t ,  wi th  t h e  t ransmission 
showing a drop of 30 or 40% i n  t he  0.75~ region cmpared  with the  higher  
transmission i n  the  i r  region. While t h i s  c a l c u l a t i o n  i s  of i n t e r e s t  i n  
p red ic t ing  the approximate performa ce  of t h e  system, ind iv idua l  d i f -  
ferences i n  t h e  p a r t i c u l a r  coat ings app l i ed  would make d e t a i l e d  pre- 
d i c t i o n  d i f f i c u l t .  

Testing 

T e s t  r e s u l t s  f o r  t h e  prototype r e f l ec tomete r  w e r e ,  i n  gene ra l ,  
g r a t i f y i n g .  Output s i g n a l s  were s t rong ,  s t a b l e ,  andwi th  oneexception, 
extremely no i se - f r ee .  The con t ro l  c i r c u i t r y  and arm-drive system were 
completely dependable, t h e  mechanical s t r u c t u r e  of t h e  r e f l e c t m e t e r ,  
including t h e  o p t i c a l  mounts, was s u f f i c i e n t l y  s tu rdy  and l i g h t  t o  
p e r m i t  r a t h e r  c a r e f r e e  handling, and t h e  d e t e c t o r  and s i g n a l  processing 
e l e c t r o n i c s  showed no embarrassing id iosync ras i e s .  

Since it i s  d i f f i c u l t  t o  f a b r i c a t e  conveniently a l abora to ry  source 
t h a t  w i l l  completely s imulate  the sun f o r  t e s t  purposes, i t  was decided 
on t h i s  prototype, a s  had been on t h e  previous o p t i c a l  model, t o  con- 
s t r u c t  a h e l i o s t a t ,  t o  permit use of the sun i t s e l f ,  r a t h e r  than a 
simulated one. The h e l i o s t a t  b u i l t  f o r  t h e  p re sen t  program i s  a two- 
a x i s  t racking device which uses two dc motors and dc closed-loop cir-  
c u i t r y  t o  p o s i t i o n  t h e  h e l i o s t a t  m i r r o r .  
passes through an a p e r t u r e  i n  a p l a t e  mounted remotely from t h e  mirror-  
d r ive  assembly. Surrounding the a p e r t u r e  i n  the  p l a t e  i s  an a r r a y  of 
photo de t ec to r s  which provide input s i g n a l s  t o  the  se rvo  c i r c u i t r y  t o  
keep the  beam centered on t h e  ape r tu re .  The device was mounted on t h e  
roof of t h e  bu i ld ing  i n  which t e s t s  were performed, and t h e  beam of 
sun l igh t  s e n t  down i n t o  the bui lding through a hole  i n  t h e  r o o f .  The 

The r e f l e c t e d  beam of s u n l i g h t  
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se rvo  mir ror  was small enough so  tha t  the sun ' s  image was sometimes 
v i g n e t t e d ,  as  seen from the instrument under t e s t ,  but while t h i s  some- 
times produced an apparent slow dc d r i f t  i n  the  output s i g n a l s ,  the  con- 
venience of having a "s ta t ionary"  sun more than out-weighed t h i s  s l i g h t  
def ic iency.  Figure 16 shows a typ ica l  t r a c e  i n  t h e  s o l a r  white- l ight  
channel. 

One basic  t e s t  run was to  record the output of each channel of the  
r e f l ec tomete r  while t h e  arm scanned the  a r r a y  o f  samples .  Two r e p e t i -  
t i o n s  of t h i s  t e s t  i n  t he  tungsten channel s i x  hours apare  revealed t h a t  
the two t r aces  were completely i d e n t i c a l ,  t o  t he  accuracy w i t h  which a 
4 t o  5 cm d e f l e c t i o n  can be photographed on the  face of an osc i l loscope .  

The tungsten channel t e s t  showed t h a t  the r e f l e c t a n c e  of t he  quartz 
reference p r i s m  i n  the tungsten channel was only about 75% of t h a t  of an 
adjacent  s i l v e r - p l a t e d  sample. T h i s  apparent v i o l a t i o n  of n a t u r e ' s  l a w s  
probably had two bas ic  causes. The f i r s t  i s  t h a t  while t h i s  type of 
p r i s m  e x h i b i t s  t o t a l  i n t e r n a l  re f lec tance  f o r  normal incidence w e l l  i n to  
the  in f r a red ,  the  impinging beam i s  s u f f i c i e n t l y  convergent so t h a t  the  
beam i s  t h e o r e t i c a l l y  t o t a l l y  r e f l e c t e d  only  f o r  wavelengths s h o r t e r  
than 2 . 0 6 ~ .  Since the tungsten source has considerable  energy above 
t h i s  wavelength, and s ince  the lead sulphide d e t e c t o r s  a r e  nominally sen- 
s i t i v e  up t o  around 3 . 0 ~ ~  a sizeable  p o r t i o n  of the tungsten energy 
excapes through the prism, r a t h e r  than being r e f l e c t e d  from it.  The 
r e f l e c t i v e  samples, however, remain r e f l e c t i v e  over t h e  e n t i r e  e f f e c -  
t i v e  spectrum. Examination of the t ransmission curves of the fused 
quar tz ,  from which the reference p r i s m  was fabr ica ted  (see Figure 1 7 ) ,  
revea ls  a l s o  t h a t  t h i s  p a r t i c u l a r  quartz  e x h i b i t s  a r a t h e r  sharp drop i n  
t ransmi t tance ,  s t a r t i n g  j u s t  under 2.01. This d i p  i s  caused by absorp- 
t i o n  bands i n  water entrapped i n  the quartz .  

I n  order  t o  t e s t  t he  e f f e c t  on r e f l e c t a n c e  measurements of sample 
curva ture ,  a s p e c i a l  double-sided sample had been made of g l a s s ,  then 
aluminized. T h i s  s ample  has  a focal  length of +254 cm on one s i d e ,  and 
-254 cm on the reverse.  Comparative scans were run i n  which the  only 
d i f fe rence  was tha t  t h e  convex s ide of the sample was  up i n  one case ,  
and the concave i n  the other .  The convex and concave readings va r i ed  
r e s p e c t i v e l y  3~21% from t h e i r  mean i n  the tungsten channel,  and *14% from 
t h e i r  mean i n  the t o t a l  s o l a r  energy channel. This does not represent  
the complete freedom from sample geometry e f f e c t s  t h a t  would be d e s i r a b l e  
i n  a f l ightworthy re f lec tometer ,  b u t  i t  does o f f e r  a considerable  improve- 
ment over the s p e c t r a l  confusion r e s u l t i n g  from sample power which was 
encountered on the f i r s t  o p t i c a l  model. While we have not analyzed the  
s i t u a t i o n  completely, i t  appears t h a t  the change i n  indicated r e f l e c t a n c e  
f o r  a curved sample i s  approximately the  same a s  the  change i n  i r r a d i a n c e  
t h a t  would be produced a t  the  de tec tor  by adding o r  subt rac t ing  an 
equivalent  amount of o p t i c a l  power. The e f f e c t  can t h u s  be thought of as 
being produced by a change i n  magnification between the ob jec t ive  lens  
and the image of the object ive lens formed a t  the d e t e c t o r  by the  f i e l d  
lens .  
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FIGURE 16 TYPICAL OSCIILOSCOPE TRACE 
I N  SOLAR WHITE-LIGHT CHANNEL 
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This change, produced by sample geometry, would be a r e a l  c o n s t r a i n t  
on experiment prec is ion  and accuracy unless  compensation were made f o r  
i t .  It i s  evident  t h a t  some sur face-subs t ra te  combinations would be 
p a r t i c u l a r l y  s e n s i t i v e  t o  geometric changes with temperature.  I f  
t h e s e  were t o  be tes ted,  it would be mandatory t o  obta in  temperature- 
curva ture  curves on the p a r t i c u l a r  samples used, and t o  monitor t he  
temperature of the  samples  during t h e  f l i g h t  experiment. It would 
a l s o  appear d e s i r a b l e  t o  mount the  samples by s t r e s s - f r e e  mounts, which 
would prevent t h e  change of sample geometry from sources  other  than 
temperature.  

Spec t ra l  c a l i b r a t i o n  of t he  spectrometer s e c t i o n  of the prototype 
could not be performed d i r e c t l y ,  s ince t h i s  would have requi red  construc-  
t i o n  of an u l t r a - v i o l e t  t o  i n f r a red  monochromator of s i zeab le  power out- 
pu t ,  an e f f o r t  which was beyond the scope of t h e  t es t  program. Since 
t h e  i n t e n t  of t he  spectrometer sec t ion  i s  not  a d e t a i l e d ,  h igh- reso lu t ion  
measurement but r a t h e r  a broad-gage one, it was deemed s u f f i c i e n t  simply 
t o  note  the output of the  s p e c t r a l  channels with s p e c t r a l  f i l t e r s  i n -  
s e r t e d  i n t o  t h e  l i g h t  path.  Two f i l t e r s  were used: a long-pass f i l t e r  
c u t t i n g  on a t  about 0 . 7 5 ~ ,  and a short-pass  f i l t e r  g iv ing  t ransmission 
from about 0 . 6 5 ~  down. The da ta  a re  sunanarized i n  Table 111. 

TABLE I T 1  

SPECTRAL OUTPUTS WITH INPUT FILTERING 

Output Without Output With Output With 
F i l t e r ,  Short-Pass F i l t e r ,  Long-Pass F i l t e r ,  

Channe 1 Vol t s  Vol t s  Vol t s  

0 . 3 -  0.45P 2.0 
0 . 4 5 - 0 . 6 5 ~  2 .o 
0.65-1.2 P 2 .o 
1.2  -2.0 p 2 .o 

0.2 
1 .6  
0.0 
0.0 

1 .3  
0 .3  
1 .4  
1 . 7  

The d i s tu rb ing  f e a t u r e  he re  i s  t he  apparent connection between t h e  0.3- 
0 . 4 5 ~  channel and the  i r  channels. We f e e l  t h a t  t h i s  c ross  t a l k  i s  o p t i -  
c a l ,  and represents  s t r a y  l i g h t  i n  the  system. This s i t u a t i o n  is com- 
p l i c a t e d  by the high ga in  necessary i n  t h i s  channel,  s ince  even minute 
amounts, p ropor t iona te ly ,  of in f ra red  r a d i a t i o n  represent  l a rge  s i g n a l s  
compared t o  the  t i n y  amount o f  u l t r a - v i o l e t  r a d i a t i o n  being sought here .  
A s t ra ight forward  so lu t ion  t o  t h i s  problem would be t o  add a shor t -pass  
o p t i c a l  f i l t e r  i n  f r o n t  of t h e  u l t r a - v i o l e t  de t ec to r .  
no t  a r i s e  i n  an o r b i t i n g  instrument,  s ince  the  u l t r a v i o l e t  level above 
the  atmosphere would be much higher.  

This problem would 

At t i t ude  s e n s i t i v i t y  of th ree  of t he  so l a r  channels was tes ted by 
using a s l i d e  p ro jec to r ,  minus i t s  hea t  s h i e l d  g l a s s ,  a s  a s o l a r  s imula tor .  
This p ro jec to r  was set  up so  t ha t  it was a t  the  focus of a r e f l e c t i v e  
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co l l ima to r  of 2.7-meter foca l  length.  The prototype r e f l e c t a n e t e r  w a s  
then s e t  up i n  t h e  beam, and the outputs  of t h e  s o l a r  white  l i g h t  and 
the  two s o l a r  i n f r a - r ed  channels were monitored while  t he  prototype was 
moved i n  t h e  beam. The prototype was turned around each of two axes 
which a r e  shown schematical ly  in  Figure 18. P o s i t i v e  r o t a t i o n  i s  de- 
f i n e d  by t h e  right-hand r u l e .  

The r e s u l t s  of t h e s e  manipulations a re  shown i n  Tables I V  and V f o r  
t h e  X and Y axes, r e s p e c t i v e l y .  The zero-degree p o s i t i o n  i n  each axis 
i s  not n e c e s s a r i l y  exact ,  bu t  represents  only an approximate r e fe rence  
p o s i t i o n .  
from channel t o  channel, s a t i s f a c t o r y  s igna l  levels can be obtained Over 
a n  8 O  (0.14 radian)  range in  the X a x i s ,  and about a 6 O  (0.10 radian)  
range (+2O t o  -4O) i n  t h e  Y axis.  
t h e  0.65 - 1 . 2 ~  channel w a s  not i nves t iga t ed .  It may be connected with 
chromatic a b e r r a t i o n  i n  the o p t i c a l  system. 

While the a t t i t u d e  con t ro i  e r r o r  which can be t o l e r a t e d  v a r i e s  

The skewed Y-axis response curve i n  

The transmission of t h e  op t i ca l  system changes s l i g h t l y  with arm 
p o s i t i o n .  
t h e  r e f l e c t i o n  p o l a r i z a t i o n  c o e f f i c i e n t s  of t h e  va r ious  system canponents 
a s  t h e  arm r o t a t e s .  
check on the t h e o r e t i c a l  r e s u l t ,  but  no s t r a igh t fo rward  method was found 
t o  produce experimental r e s u l t s  w i t h  the e n t i r e  system which could be 
thus  c o r r e l a t e d  wi th  theory.  
a sheet  of l i n e a r  p o l a r i z i n g  ma te r i a l  over the sun p o r t  and then  run a 
scan i n  t h e  0.45 - 0 . 6 5 ~  channel. This  scan showed marked modulation, 

p o l a r i z e r  was p a r a l l e l  t o  t h e  X a x i s  of Figure 18 and t h e  minimum apparent 
r e f l e c t a n c e  was produced when the arm a x i s  w a s  a l s o  p a r a l l e l  t o  t he  X I 

a x i s .  , 

This phenomenon has been t r e a t e d  a n a l y t i c a l l y  by consider ing 

It was o r i g i n a l l y  intended t o  perform an experimental 

One tes t  which was performed was t o  p l ace  

w i t h  the  smallest s i g n a l  being only about 30% of t h e  l a r g e s t  one. The I 

Apparent output modulation was noted on the  tungsten channel out-  
pu t s  w i th  arm r o t a t i o n ,  but s ince t h i s  modulation is about 5% peak-to- 
peak of the average value,  as aga ins t  t h e  2-1/2% t h a t  t h e  t ransmission 
theory would p r e d i c t ,  we f e e l  t h a t  t h e  apparent modulation i s  a c t u a l l y  
caused by random d i f f e rences  in the  su r face  r e f l e c t i v i t y  o f  t he  var ious 
samples. Fu r the r ,  t he  apparent "modulation" has an approximate per iod 
of  about 90' (v/2 r ad ians )  o f  arm r o t a t i o n ,  whereas t h e  transmission- 
induced modulation would have a per iod o f  180° (TT r ad ians ) .  
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TABLE IV 

OUTPUTS WITH ATTITUDE CHANGE 

(Sample: Cr + Si0 + A1 + SiOx) 

X 
cuegreos i 

+10 
+ 8  
+ 6  
3 4 
+ 2  

0 
- 2  
- 4  
- 6  
- 8  
- 10 

I , -  

X 
(mi::iradians~ 

+175 
+140 
+lo5 
f 70 
+ 35 

0 
- 35 
- 70 
- IO5 
- 140 
-175 

Channel 2 
(vaIt5) 

0.000 
0.015 
0.048 
0.109 
0.160 
0.137 
0.096 
0.020 
0 .ooo 

TABLE V 

OUTPUTS WITH ATTITUDE CHANGE 

(Sample: Cr + S i 0  + A1 + Si0 ) 
X 

Y 
(deprees ) 

+ 4  
+ 3  
+ 2  
+ 1  
0 

- 1  
- 2  
- 3  
- 4  
- 5  
- 6  
- 7  
- 8  
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Y 
(milliradian) 

+ 70 
+ 52.5 
+ 35 
+ 17.5 

0 
- 17.5 
- 35 
- 52.5 
- 70 
- 87.5 
- 105 
-122.5 
- 140 

Channel 2 
(volts) 

0 .ooo 
0.028 
0.14 
0.17 
0.18 
0.19 
0.18 
0.19 
0.19 
0.18 
0.17 
0 .oo 
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IN X AXIS 

Channel 3 
(""Its> --- 
0.010 
0.22 
0.38 
0.51 
0.70 
0.76 
0.71 
0.59 
0.47 
0.29 
0 .oo 

IN Y AXIS 

Channel 3 
(volts) 

0.00 
0.51 
0,83 
0.75 
0.79 
0.84 
0.86 
0.43 
0.94 
0.90 
0.88 
0.68 
0 .oo 

Channel 4 
(volts) 

0.000 
0.010 
0 -041 
0.065 
0.067 
0.048 
0 -028 
0.009 
0 .ooo 

Channel 4 
(vo 1 t s) 

0 .oo 
0.14 
0.13 
0,098 
0.079 
0.045 
0.019 
0.010 
0.003 
0.000 



ROTATING HUB 

Basic Considerations 

I n  order  t o  p ro tec t  the d r ive  motor and bear ings necessary f o r  t h e  
r o t a t i n g  arm f r a u  the  hard vacuum of space,  i t  is  necessary t o  inco rpora t e  
a seal  i n  t h e  hub assembly. A f l i g h t  worthy instrument would be sea l ed  
s h o r t i y  before l i f t - o f f ,  atid the iiistruiitent would  carry  m e  atmosphere 
r e s i d u a l  pressure wi th in  i t  a s  i t  entered o r b i t .  By maintaining a leak 
r a t e  l o w  enough s o  t h a t  t h e  i n t e r n a l  p re s su re  remains reasonably high 
during t h e  l i f e  of t h e  mission, the d r i v e  motor and bearings would op- 
e r a t e  without t h e  vacuum-induced problems of l ub r i can t  evaporat ion.  
Such a s e a l  would have a leak r a t e  low enough t o  assure  a s u b s t a n t i a l  
pressure w i t h i n  t h e  instrument a t  the end of the mission, and s t i l l  
produce n e g l i g i b l e  f r i c t i o n  t o  t h e  d r i v e  system. The problem is  t o  
minimize t h e  leak r a t e  and f r i c t i o n  level w i t h  m a t e r i a l s  that w i l l  with- 
s t and  t h e  hot -cold-vacuum-radiation environment of space without f a i l u r e .  
Fu r the r ,  any outgassing products frau materials used i n  s e a l s  should not 
be such a s  t o  coat t h e  r e f l e c t i v e  samples. Since seal f a i l u r e  would 
l eave  the  d r ive  system exposed t o  a vacuum, a search was made f o r  l u b r i -  
c a n t s  and l u b r i c a t i o n  methods that would permit continued bear ing opera- 
t i o n  even i f  the space s e a l  should f a i l .  These l u b r i c a n t s  would have 
t h e  same no-outgassing requirements as  t h e  s e a l ,  s i n c e  outgassed products 
w i t h i n  the  r e f l e c t a n e t e r  i n t e r i o r  would c o a t  t he  elements of t h e  o p t i c a l  
system, w i t h  c a t a s t r o p h i c  r e s u l t s .  Table V I  compares some of t h e  s a l i e n t  
p r o p e r t i e s  of d i f f e r e n t  types of l u b r i c a n t s .  Several d i f f e r e n t  o i l s  and 
g reases  have been giving good resu l t s  i n  vacuum environments i n  double 
shielded bearings using phenolic r e t a i n e r s .  

I n  order t o  s a t i s f y  these  requirements, a t es t  f i x t u r e  was f a b r i -  
ca t ed  f o r  t e s t i n g  of r o t a t i n g  s e a l s  i n  a vacuum chamber. 
weight loss tests were run i n  a vacuum chamber on several promising 
l u b r i c a n t s  and s e a l  m a t e r i a l .  

Further ,  

Seal Tes t s  

A s p e c i a l  tes t  f i x t u r e  was b u i l t  f o r  performing leak and f r i c t i o n  
l e v e l  tests on t h e  r o t a t i n g  s e a l .  It comprises a heavy, he rme t i ca l ly  
sea l ed  c y l i n d r i c a l  container ,  about 50 c m  i n  diameter, w i t h  a dummy 
hub assembly i n s t a l l e d  i n  i t s  t o p .  A 115 V ac ,  60-cycle gearhead motor 
i s  mounted i n t e r n a l l y ,  and d r i v e s  the r o t a t i n g  member of t he  hub through 
step-down gearing.  With no load,  the r o t a t i o n a l  speed i s  about 4 rpm. 
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TABLE VI 

COMPARISON OF LUBRICANTS FOR SPACE ENVIRONMENT (REF. 2) 

Lubricant Advant a p  e Disadvantape 

O i l s  or Greases Information ava i l ab le  on Most of t hese  m a t e r i a l s  
p rope r t i e s  of l ub r i can t  have appreciable  vapor 
b e s t  choice f o r  a given pressure,  and appreciable  
metal or metal  combina- decomposition rates a s  
t i o n ;  large choice of compared t o  s o l i d  l u b r i -  
compounds; automatic r e -  can t s  (dry f i lm  and s e l f -  
plenishment a t  con tac t -  l u b r i c a t i n g  m a t e r i a l s ) .  
ing surface.  

Sol id  Films and Low vapor pressure;  no No e f f e c t i v e  replenishment 
Thin Metal Films v i s c o s i t y  changes due t o  c a p a b i l i t y ;  hence they have 

evaporation or changes a l imi t ed  l i f e t i m e  a s  com- 
i n  temperature ; wide pared t o  o i l s  and g reases .  
temperature ranges 

Self-Lubricating Not s e n s i t i v e  t o  vacuum Low load-carrying capa- 
Materia 1 s ( P l a s t i c s  , environment 
Leaded Bronzes, or grease l u b r i c a t e d  
e t c  .) m e  t a l  bear ings 

b i l i t y  a s  compared t o  o i l  
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As f a r  a s  t h e  s e a l  and bearings a r e  concerned, t h e  dummy hub is  
e x a c t l y  the  same a s  the  hub of t he  p ro to type .  Figure 15 i s  thus 
i l l u s t r a t i v e  a l s o  of the s e a l  and bearing arrangement used on the dummy 
hub. The b a l l  bear ings s h a m  o f fe r  good support t o  t he  moving member 
and s u f f i c i e n t  room was l e f t  i n  the "seal  area" t o  allow f o r  t e s t i n g  a 
v a r i e t y  of s e a l  conf igu ra t ions .  
on a previous program of a r i n g  seal  using mating su r faces  coated o r  im-  
pregnated wi th  MoS2. 
ported experience w i t h  MoS2 i n  the space environment i s  l i m i t e d  t o  use 
i n  bear ings,  and i t  appeared that f a b r i c a t i o n  of t h e  s e a l  using t h i s  ma- 
t e r i a l  might r equ i r e  considerable  development e f f o r t .  Hence, w h i l e  
s u f f i c i e n t  room was a l l o w e d  i n  t h e  dummy hub t o  permit l a t e r  i nc lus ion  
of an MoS2 s e a l  should t h a t  be des i r ab le ,  it was decided f i r s t  t o  check 
i n t o  poss ib l e  gasket  and 0-ring-type s e a l s .  

Preliminary design had been accomplished 

While t h i s  s t i l l  seemed a promising approach, re- 

I n  preliminary at tempts  a t  seal ing the  hub, O-ring s e a l s  were t r i e d ,  
but i t  was found impossible t o  maintain n e g l i g i b l e  l eak  rates without 
extremely high "squeeze" on the  O-ring and thus very high f r i c t i o n  levels 
f o r  the hub. 

Another so lu t ion  attempted was t h e  r i n g  s e a l  shown i n  Figure 15. 
This  s e a l  was made of  a commercially a v a i l a b l e  polyurethane compound, 
and i t  was not molded but  a c t u a l l y  machined out of a p l a t e  of t h e  m a t e r i a l .  
The p l a t e  was spun i n  a l a t h e  with t h e  a x i s  of r o t a t i o n  normal t o  the  
plane of t h e  p l a t e .  A s m a l l  t h i n  kn i f e  blade was f ed  i n t o  t h e  polyure- 
thane, c u t t i n g  t h e  washer. The washer was cu t  t o  have a 0.1 nrm i n t e r -  
ference f i t  w i th  t h e  mating surface of the moving member of t h e  hub. 

Af t e r  solving preliminary problems connected wi th  s e a l i n g  t h e  t es t  
f i x t u r e  i t s e l f ,  tes ts  of the polyurethane seal  were run by p res su r i z ing  
the  t e s t  f i x t u r e  t o  one atmosphere gauge, and checking t h e  s t a r t i n g  and 
running torques i n  both d i r e c t i o n s  of r o t a t i o n  a f t e r  varying per iods of 
r e s t .  A t  f i r s t ,  s t a r t i n g  torques were we l l  o u t s i d e  t h e  range of 0 - 50- 
inch-pound (0-5,65 meter-newton) torque wrench. The hub w a s  then d i s -  
assembled, and the  s e a l i n g  surface of t h e  inne r  hub, which had been a 
smoothly machined anodized surface,  was pol ished somewhat, using o p t i c a l  
rouge. Upon reassembly, t he  highest  s t a r t i n g  torque was 5.6 meter-newtons 
i n  one d i r e c t i o n  and about 3 . 4  meter-newtons i n  the  o the r .  Running torque 
va r i ed  f r a n  2 . 3  - 4.5 meter-newtons, depending on speed and d i r e c t i o n  
of r o t a t i o n .  The marked difference i n  torque i n  t h e  two d i r e c t i o n s  
seemed c o n s i s t e n t .  This w a s  a t t r i b u t e d  t o  microscopic assymetries on 
the  su r face  of t he  hub. Undoubtedly, t h e  hub w a s  machined w i t h  t h e  
t o o l  running i n  one d i r e c t i o n  only, and t h e  po l i sh ing  ope ra t ion ,  men- 
t i oned  above, was a l s o  done i n  only one d i r e c t i o n .  

The next thing t h a t  was t r i e d  was a l i g h t  a p p l i c a t i o n  of tungsten 
d i se l en ide  t o  t h e  inner surface of t h e  hub. This  substance i s  a f i n e  
black powder which very much resembles powdered g raph i t e .  According t o  
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t h e  manufacturer, however, i t s  performance i n  a vacuum is markedly d i f -  
f e r e n t  frcm t h a t  of g r a p h i t e .  The l u b r i c a t i o n  p r o p e r t i e s  of g r a p h i t e  
a r e  dependent on water trapped i n  t h e  g raph i t e  s t r u c t u r e .  When t h i s  
water evaporates the g raph i t e  looses i t s  l u b r i c i t y .  The l u b r i c i t y  of 
t he  tungsten d i se l en ide ,  on the o the r  hand, i s  not dependent on f o r e i g n  
m a t e r i a l s  but i s  a c h a r a c t e r i s t i c  of t he  compound i t s e l f .  It i s  char-  
a c t e r i z e d  by tenacious adhesion t o  anything i t  touches, p a r t i c u l a r l y  t h e  
f i n g e r s  of t h e  experimenter. The substance was appl ied t o  the  inner  
diameter of the polyurethane ring and t o  the  mating su r face  on t h e  moving 
p a r t  of the hub. The s e a l  was then re-assembled and the hub r o t a t e d  f o r  
1 /2  hour a t  about 4 rpm. Thereaf ter ,  t he  f i x t u r e  w a s  pressurized t o  one 
atmosphere gauge and allowed t o  s i t  with t h e  hub s t a t i o n a r y  for t h r e e  
days. A t  t he  end of t h a t  time s t a r t i n g  torque was 2.3 meter-newtons 
i n  each d i r e c t i o n ,  and a f t e r  two r evo lu t ions  i n  each d i r e c t i o n  s t a r t i n g  
and running torques were in  the range of 1.1 - 2.0 meter-newtons. 

A t  t h i s  point  a leak tes t  was run on t h e  polyurethane seal under 
high-vacuum condi t ions.  The test f i x t u r e  was sealed a t  a n  i n t e r n a l  
p re s su re  of one atmosphere absolute .  The f i x t u r e  was then put  i n t o  a 
vacuum chamber and t h e  vacuum pump s t a r t e d .  The hub-drive motor was 
run continuously during t h e  i n i t i a l  1 7  hours of t he  t e s t i n g  t o  e l imina te  
any pockets of a i r  between t h e  f a c e  of  t he  s e a l  and the  mating f a c e  of 
t h e  hub. 

Af t e r  t h i s  t i m e ,  the  motor was run f o r  only 15 - 30 minutes p e r  
day t o  p a r t i a l l y  simulate t h e  duty cyc le  t h a t  would be used w i t h i n  an 
o r b i t i n g  r e f l e c t a n e t e r .  Near the beginning of  t h e  t es t  there w a s  con- 
s i d e r a b l e  outgassing, which l imited the  a v a i l a b l e  vacuum t o  between 

newton/meter2). This 
outgassing was a t t r i b u t e d  t o  a non-hardening s e a l a n t  used around t h e  
p r e s s u r i z a t i o n  valve of the s e a l  t es t  f i x t u r e .  Af t e r  t h r e e  days i n  
t h e  tes t  chamber, t h e  outgassin apparent ly  ceased and t h e  chamber 
pressure decreased t o  2.4 x t o r r  (3 .3  x newton/meter2). 
Af t e r  four days i n  t h e  tes t  chamber, the pump w a s  turned o f f  but t h e  
chamber w a s  l e f t  sealed.  The s e a l  tes t  f i x t u r e  remained i n s i d e  t h e  
vacuum chamber f o r  an add i t iona l  two days under vacuum cond i t ions .  

and lo-’ t o r r  ( 1 . 3  x lo-’ and 1 .3  x 

F o l l m i n g  t h e  test ,  s t a r t i n g  and running torques were between 0.68 
and 1.1 meter-newtons i n  both d i r ec t ions ,  measured with no pressure d i f -  
f e r e n t i a l  across  the  s e a l .  While t h e  tes t  f i x t u r e  w a s  i n  t h e  vacuum 
chamber, t he  vacuum l e v e l  w a s  monitored j u s t  before and j u s t  a f t e r  s t a r t -  
ing t h e  t e s t  f i x t u r e  motor. I f  t h e r e  had been any l e a k  a s soc ia t ed  w i t h  
hub motion w e  would expect t h e  chamber pressure t o  inc rease  sha rp ly  when 
t h e  hub was s t a r t e d .  N o  such pressure inc rease  was noted. The test 
f i x t u r e  temperature and the t e s t  f i x t u r e  i n t e r n a l  gauge pressure r e l a -  
t i v e  t o  t h e  vacuum chamber were both monitored p e r i o d i c a l l y  during t h e  
t e s t .  The i n t e r n a l  temperature increased t o  41OC (105OF) during the  
i n i t i a l  period while  the motor w a s  running continuously.  There was a 
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corresponding pressure r i s e  during t h i s  per iod a s  w e l l ,  a t t r i b u t a b l e  t o  
hea t ing  of t he  a i r  w i th in  the  test f i x t u r e .  With t h i s  exception, t h e  
p re s su re  within t h e  tes t  f i x t u r e  remained constant  ( t o  the modest accuracy 
of t h e  tes t  gauge used) f o r  t h e  period of  t he  tes t .  

To f i n d  an approximation f o r  the maximum t o l e r a b l e  leak r a t e ,  w e  
assume the  s i m p l e s t  leakage s i t u a t i o n ,  namely, t h a t  t h e  leakage r a t e  
w i l l  be proport ional  t o  t h e  pressure d i f f e r e n t i a l  ac ross  the s e a l .  This 
leads t o  an expression of t h e  type 

where 

P = i n i t i a l  gage pressure 
p ( t 7  = gage pressure a t  time t 

T = t h e  leakage "time constant", t he  t i m e  fo r  the p re s su re  t o  
decrease t o  63% of i ts  i n i t i a l  pressure 

I f  w e  assume the  use of a dc motor w i th in  the  r e f l e c t m e t e r ,  t h e  l i m i t i n g  
f a c t o r  w i l l  be sparking a t  t h e  motor brushes.  One motor manufacturer 
s p e c i f i e s  t h a t  h i s  brushes w i l l  operate a t  a l t i t u d e s  a s  high a s  100 000 
feT t ,  (30.5 km) which corresponds t o  an ambient p re s su re  of about 1.1 x 
10 
and p ( t )  = 1.1 x lo3 newton/meter2, then the  leakage t i m e  constant  would 
be about 80 days. I n  t h i s  ca se ,  t h e  p re s su re  a f t e r  fou r  days would be 
about 95% of t h e  i n i t i a l  p re s su re .  The ind ica t ed  p res su re  i n  t h e  test  
f i x t u r e  increased 1.4 x l o 3  newton/meter2 during the f i r s t  three days 
of t h e  vacuum chamber t e s t .  Even i f  w e  a s c r i b e  as l a r g e  as a 3.5 x 10 
newton/meter2 e r r o r  t o  meter r e p e a t a b i l i t y  and operator  reading e r r o r ,  
t h e r e  was a t  most a 2% drop i n  i n t e r n a l  pressure i n  t h e  three-day pe r iod .  
Thus t h i s  s e a l ,  t h e  f i r s t  one t e s t e d ,  would amply m e e t  t h e  requirements 
imposed by t h e  use of a dc motor i n s i d e  the  r e f l ec tomete r .  I n  t h e  case 
t h a t  an ac motor were used, with i t s  a t t endan t  dc t o  ac  converter ,  t h e  
i n t e r n a l  pressure necessary a t  the end of t he  mission would be considerably 
less ,  and t h e  s e a l  requirements correspondingly l e s s  s t r i n g e n t .  

newton/meter 2 . Thus, i f  we l e t  Po = lo5 newton/meter2, t = 365 days, 

3 

After  t he  tes t  f i x t u r e  was removed from the vacuum chamber, i t  was 
decided t o  f a b r i c a t e  a second seal using a s l i g h t l y  d i f f e r e n t  technique. 
The t e s t  hub was disassembled, the aluminum s e a l i n g  su r face  of the moving 
member cleaned i n  methylethyl ketone and burnished w i t h  powdered tungsten 
d i se l en ide .  A polyurethane seal ing r i n g  was prepared by immersion f o r  
two minutes i n  an u l t r a s o n i c  bath with methylethyl ketone, then d r i e d  
and rubbed a l l  over with t h e  tungsten d i se l en ide  powder. The hub was 
then assembled using this s e a l ,  and run without p r e s s u r i z a t i o n  f o r  sane 
18 hours.  It was then disassembled, recoated w i t h  a d d i t i o n a l  tungsten 
d i se l en ide  powder, reassembled, and pressurized t o  15 p s i  ( lo5 newton/ 
meter 2 ) gauge. After  about 3-1/2 hours of continuous motor operat ion 
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a t  4 rpm,  t he  s e a l  began t o  cha t t e r  and t h e  motor speed decreased. De- 
p r e s su r i za t ion  and disassembly showed t h e  I.D. of the r i n g  t o  be p a r -  
t i a l l y  bare of tungsten diselenide,  and scmewhat g a l l e d .  

The tungsten d i se l en ide  powder used had been of 4@ gra in  s i z e .  
On t h e  advice of t he  manufacturer of the powder, some 1 - 2+ gra in  
s i zed  tungsten d i se l en ide  was procured, and used t o  coa t  the same 
sea l ing  r i n g  t h a t  had beenused i n t h e  successful  vacuum chamber t e s t .  
Af t e r  assembly and p res su r i za t ion ,  t h e  d r ive  motor w a s  s t a r t e d ,  but the 
s e a l  soon showed a high leak r a t e  a s  w e l l  a s  t h e  c h a t t e r i n g  and high 
f r i c t i o n  l e v e l  which had been c h a r a c t e r i s t i c  of the previous f a i l u r e .  

It is  evident  that f u r t h e r  work i s  necessary i n  t h e  area of the 
r o t a t i n g  s e a l .  A poss ib l e  cause f o r  t he  successful  operation of t h e  
f i r s t  polyurethane s e a l  i n  t h e  vacuum chamber t e s t  was t h a t  a s i l i c o n e  
grease had been used i n  the assembly of t h e  hub, and s u f f i c i e n t  of t h i s  
may have remained on the aluminum mating su r face  t o  prevent the g a l l i n g  
which t roubled the l a t e r  t e s t s .  It should be noted, however, t h a t  t he  
s i l i c o n e  l u b r i c a n t  used i s  one designed f o r  space environment, and one 
which probably would be s a t i s f a c t o r y  f o r  u s e  again with an o r b i t i n g  
r e f l ec tomete r .  

Bearing Lubricat ion 

A one-week vacuum weight-loss tes t  was run on s e v e r a l  l u b r i c a n t s  
which appeared promising f o r  use i n  the bearing a r e a  of t h e  hub assembly. 
Resul ts  a r e  summarized i n  Table V I I .  This t es t  was run with the l u b r i -  
c a n t s  i n  a vacuum chamber a t  l e s s  than 4 x newton/meter2 and 
temperatures ranging f r a n  59 C t o  107OC. 
showed some bubbling during the t e s t ;  however, t he  bubbling of sample 
N o .  2 occurred a t  the very start of the tes t  and i s a t t r i b u t e d  by the 
t es t  technician t o  small a i r  bubbles trapped during pouring. Bubbling 
of sample N o .  5 ,  however, continued throughout t h e  t es t .  This sample 
a l s o  showed some d i sco lo ra t ion .  While samples 3 and 4 showed less 
weight l o s s  than sample 2,  t h e  l a t t e r  was used t o  impregnate the bear- 

0 Both of  t he  o i l  samples 

i n g s  because of 

Sample N o .  

65 2 O-F i n a  1 

i t s  l a w  f r i c t i o n  and ease of a p p l i c a t i o n .  

TABLE V I 1  

LUBRICANT VACUUM TEST RESULTS 

Material  

Grease 
Oi 1 
Grease 
Grease ( a s  sample 4 )  
O i l  

3 7  

X Weight Change 

-1.30 
-0.31 
-0.07 
-0.03 
-0.03 



The bearings t o  be used in  the tes t  hub were prepared by cleaning 

newton/meter?- vacuum. Bearings w e r e  then 
f i r s t  i n  hectane so lven t ,  then removing t h e  solvent  by heat ing t o  1 1 8 O C  
for 12 hours i n  a 1.3 x 
removed from the  vacuum chamber, immediately immersed i n  t h e  o i l ,  and 
r e tu rned  t o  the vacuum chamber and heated while  t h e  chamber w a s  brought 
down t o  a vacuum of 1.3 x 
b a c k f i l l e d  the phenolic bearing r e t a i n e r s .  

newton/meter2. This  treatment e f f e c t i v e l y  

Seal  Weight Loss T e s t  

Four d i f f e r e n t  samples of t he  polyurethane ma te r i a l  which had 
been used fo r  seals were subjected t o  nine-day weight l o s s  tests i n  a 
vacuum chamber. Pressure i n  t h e  vacuum chamber was maintained a t  less 
than 1 .3  x newton/meter2 throughout the t e s t .  Samples were weighed 
before  and a f t e r  the t e s t  and the  d i f f e rences  noted. 
weight was about 10 grams, and while  t h e  samples w e r e  scraps of m a t e r i a l ,  
and thus  had varying shapes, each was about 2.5-mn t h i c k  and a su r face  

day per iod ranged from 0.48% - 0.62%. 

Average sample 

area ( fo r  one s i d e )  of approximately 50 c m  2 . Weight l o s s  f o r  t h e  nine- , 

It i s  f e l t  t h a t  t h i s  very modest weight l o s s  i n d i c a t e s  t h a t  t h i s  
m a t e r i a l  might we l l  be s u i t a b l e  for space a p p l i c a t i o n s .  
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CONCLUSIONS AND RECOMMENDATIONS 

This program has advanced t h e  s t a t e  of the a r t  of r e f l ec tomete r  
instrumentation t o  a point where f l i g h t  q u a l i f i c a t i o n  development can, 
and should, be i n i t i a t e d .  
urgent ly  needed i n  the very near fu tu re  f o r  a v a r i e t y  of space missions.  

High output s o l a r  power systems w i l l  be 

The f e a s i b i l i t y  of r e f l e c t i v e  s o l a r  concentrators  depends most 
c r i t i c a l l y  on a f l i g h t  demonstration t o  show t h a t  t h e  r e f l e c t a n c e  can 
be maintained a t  a high l e v e l  throughout t he  system design l i f e t i m e .  
It i s  e s s e n t i a l  t h a t  r ep resen ta t ive  samples of s o l a r  concentrator  su r -  
face ma te r i a l s  be subjected t o  a long-term o r b i t a l  f l i g h t  t e s t  t o  prove 
the  d u r a b i l i t y  of t h e  surfaces  under s o l a r  u l t r a v i o l e t  r a d i a t i o n ,  micro- 
meteor i t e s ,  and low energy protons.  

The o p t i c a l  layout of the ref lectometer  can be folded i n  a v a r i e t y  
of ways, depending on the  envelope s i z e  and shape a v a i l a b l e  i n  the s a t -  
e l l i t e .  Thus, choice of s a t e l l i t e  must be made before t h i s  design i s  
begun. 
y s i s  of t h e  dynamic torques produced by the moving arm. 
a con t r a - ro t a t ing  member can be b u i l t  i n t o  the ref lectometer  i t s e l f ,  
although a t  some penal ty  i n  weight. 

Design of a fl ightworthy instrument should inc lude  c a r e f u l  anal-  
I f  necessary,  

Additional e f f o r t  i s  required t o  resolve the dependence of i n d i -  
cated r e f l e c t a n c e  on sample geometry. One s o l u t i o n  i s  t o  measure t h e  
temperature of each sample during f l i g h t ,  and t o  c o r r e c t  t h e  observed 
r e f l e c t a n c e  readings with temperature-curvature curves previously pre- 
pared on e a r t h .  Samples should be mounted i n  s t r e s s - f r e e  mounts, t o  
preclude sample geometry changes from causes o the r  than temperature.  
I n  any event ,  temperature of each sample should be measured i n  f l i g h t  
a s  general  backup information. 

Another design e f f o r t  involves s e a l  f a b r i c a t i o n  and t e s t i n g .  Op- 
t i m a l  s e a l  design parameters should be determined by f ab r i ca t ing  and 
t e s t i n g  a number of s e a l s .  Further,  t he  polyurethane m a t e r i a l  used for 
the  s e a l  should be t e s t e d  and evaluated more in t ens ive ly  than w a s  pos-  
s i b l e  on the  p re sen t  program. 
whether any outgassing products produced a r e  of such a s  t o  coa t  nearby 
o p t i c s ,  o r  whether they a r e  simply harmless substances such a s  surface-  
absorbed water .  

I n  p a r t i c u l a r ,  i t  should be determined 
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